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ABSTRACT
The UK housing stock remains among the least efficient with the highest fuel poverty
rates in Europe. Besides, direct CO₂ emissions from buildings in the UK amounted to 83
million tonnes of CO₂ in 2017, from which 77% are from homes. Efficient and lowcarbon technologies have the potential to contribute to the alleviation of energy problems.
Also, the involvement of people affected by a problem in decision-making can encourage
sustainable energy transformations with reduced investment risks. Residential fuel cell
combined heat and power (CHP) energy systems have experienced significant uptake in
other countries such as Japan. This research evaluates these possibilities in the UK
context. The innovation-diffusion model by Rogers was used to analyse individuals’
adoption decision-making behaviour from the perspective of both current end-users and
potential end-users. For this purpose, a mixed-methods approach was adopted using an
online “public survey” (n=308), dealing with potential end-users, “qualitative semistructured interviews” (10 interviews), dealing with professionals, and “case studies” (4
case studies), dealing with current end-users.
The results confirmed the significance of typical variables of the diffusion of innovation
model, such as felt needs and problems, the relative advantage of technology, and the
novelty-seeking of individuals. It also confirms that activities take place in the
confirmation stage allow continued adoption. Issues that seem to impede the adoption of
fuel cell CHP in the residential sector in the UK relate to efficiency, performance and
safety. While other challenges relate to the high capital cost, availability of an intensive
mechanism and the large overall size of the system that must all be addressed in future
models of the technology. This study shows that there is scope for motivating individuals
to accept fuel cell CHP technology by communicating both individual and public benefits,
raising awareness with the use of demonstration projects and make information available
on trusted platforms to explain how users benefit from incentive schemes. Besides, in
future models and policymaking, several factors need to be considered, including the
willingness-to-pay no more than £1,000 over conventional energy systems’ capital cost
such as boilers, the availability of an incentive scheme similar to the pre-existed Feed-inTariff and the size of the system of no bigger than the washing machine. Besides,
recommendations are made about the way fuel cell CHP is presented to end-users and
whom to be targeted as early adopters.
The key contribution of this research is to offer a distinct evaluation of the current state
of fuel cell CHP in residential applications and forward-looking planning by providing
recommendations regarding future models of technology and its advertising behaviour in
a way that responds to the potential and current end-users’ needs. Recommendations for
future work are to explore the application of fuel cell CHP in housing associations and
community projects, to integrate fuel cell CHP into sales channels through power
companies, and to study the economics of the fuel cell CHP and make them available on
trusted platforms. The results can be of use to policy makers, designers and other
interested stakeholders.
Keywords: Fuel Cell CHP, Evaluation, Residential, Potential End-Users, Current EndUsers, Willingness-to-Pay, Adoption Model.
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Chapter 1. Introduction and Background to the Research
1.1

Introduction

This chapter aims to guide the reader to the research presented in the body of the thesis.
It places the reader in the picture by explaining the research specialisation and clarifying
the motives behind the study. The research aim and its objectives, the research methods
used and an outline of the thesis structure are presented. This chapter serves as a
theoretical summary of the research and thus is considered a thesis road map. This chapter
describes the challenges facing the UK residential sector associated with high fuel poverty
rates and harmful emissions. Fuel cell CHP energy systems are proposed in this evaluative
study because they are efficient. Therefore, they produce fewer harmful emissions and
reduce the consumption of fuel and cut energy bills. Fuel cell CHP have been widely
deployed in Japan on a residential scale. Therefore, this research investigates
opportunities to adopt these systems in the UK residential context, contributing to energy
problems and climate change mitigation plans.
1.2

Background and Scope of the Research

Humanity is facing challenges related to global environmental and energy issues.
Environmental damage such as global warming is associated with greenhouse gases
(GHG) arising from the use of fossil fuels. In addition, growing population and
industrialisation force higher demand for energy. Humans are blessed with adaptation
skills to meet their life’s necessities. This has allowed them to live in a wide variety of
changing circumstances. The fact is that human activities also contributed to climate
change significantly after the industrial revolution. Over time, this leads to a depletion of
fossil fuels which means an energy crisis is likely.
The famous saying by Plato asserts that “Necessity is the mother of invention”. The urgent
necessity is to limit the use of fossil fuels. Shifting power supplies to other energy sources
is most likely accompanied by other energy technologies. A study by Hanlon (2015)
demonstrated that a shock in input supplies directs a technical change. Therefore, energy
conservation has become vital for organisations as well as individuals. Efforts for
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conservation have become effectively a standard practice included in much academic and
industrial research.
The International Energy Agency (IEA) (2015a) affirms that investments in cleaner
technologies and energy efficiency accelerates the transformation of the energy sector.
Scientists and researchers have been developing technologies and looking for new energy
sources. Most of these energy technologies are still in the development and precommercial stage of their lifecycles. Governments have been supporting such
developments for the general good of society. People have also been raising their voices
in developed countries like the UK to promote public awareness and to put pressure on
governments to change energy legislation in favour of protecting the environment.
Finding alternatives and achieving energy efficiency were two of the main concepts
adopted to secure the energy future and to maintain flat consumption rate. Efficiency is
using energy wisely and it has been said that efficiency is the “first fuel” (IEA, 2014).
Additionally, another report by the IEA showed that a small increase in efficient energy
investment can cut deaths from air pollution in half by 2040 (IEA, 2016).
The UK government’s policy schemes are supporting the development of technologies as
long as they are financially viable, sustain the future, link with other renewable projects,
increase the energy efficiency and have the potential to provide affordable warmth. They
are also keen to engage stakeholders and put them at the heart of the decision-making
process to develop plans for development support (Energy Saving Trust (EST), n.d.-c;
Office of Gas and Electricity Markets (ofgem), n.d.-a; Scottish Government, n.d.).
Fuel cells were found to be efficient with the characteristic of cogeneration, whereby
electricity is produced and outputs of this process are used to provide heat or hot water,
also called “combined heat and power (CHP)”. Fuel cell CHP energy systems are
applicable for the wider built environment. According to Dodds (2014), hydrogen and
fuel cells have four main potential markets in the UK, namely, residential, commercial
and public sector, industrial, and district energy generation markets.
According to the Department for Business, Energy & Industrial Strategy (BEIS, 2018),
domestic energy use accounts for 40% of the UK’s fuel consumption, from which around
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half of the UK’s fuel consumption is for space and water heating and cooking in the
residential sector (Dodds et al., 2014). Moreover, the UK housing stock remains among
the least efficient and UK has the highest fuel poverty rates in Europe (Howard, 2016).
The focus of this research is on the application of fuel cells for domestic use in the
residential sector only.
There is a need for incentives to maintain the growth momentum of integrating fuel cell
CHP energy systems into the landscape of energy generation and storage technologies
(Brandon and Kurban, 2017). Fuel cell CHP can gain support when they are shown to
have a positive impact on the sustainability of the future of energy production. Therefore,
it is necessary to assess the status of current fuel cell CHP energy systems and design a
future vision accordingly.
However, before innovative technologies receive public and governmental support to
integrate into the market, there is a need to test their effectiveness. Evaluation is a key
mechanism to assess projects in both developments stage (to improve and refine the
project) and in the ongoing projects (to test their effectiveness). Several frameworks and
models describe the innovation and adoption processes of technologies. In this research,
Rogers’ Diffusion of Innovations model is used to describe the overall process concerning
fuel cell CHP and to identify the opportunities in the UK’s residential sector.
Rogers’ model (1983) acknowledges the complexity of the diffusion of innovations,
following a five-stage process, leading to the adoption or rejection of the technology. It
can be applied in the case of focusing on individual, group or organisation adoption. It
considers factors of changes occurring in episodic or continuous order. It includes
classical explanations of economic and technological benefits as well as social factors.
Involving people who are affected by a problem and those who have the ability to change
it (the stakeholders) allows for building consensus around the focus and approach to be
followed in future planning for the benefits of all. In addition, when people participate,
they become aware of the environment condition and they are encouraged to take action
to make a difference by working on the energy efficiency. This not only keeps money in
their pockets but also results in lower CO2 emissions (Climate Challenge Fund (CCF),
n.d.).
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As asserted by Dodds (2014), it is essential to examine the desirability of fuel cell CHP
in order to guarantee future success of the technology’s application. However, people are
not yet aware of the benefits of the system. Drivers for changing their energy systems are
the cost and amenity factors such as space. Changes are only considered in wider
renovation works, in which, for example, 1.5m household boilers are replaced every year.
Similarly, the active participation of the public in decision-making can promote
sustainable energy transformations that are acceptable to the public (Steg, Perlaviciute
and van der Werff, 2015). Therefore, raising the profile of fuel cell CHP energy systems
with the public “potential end-users” can add substantial insight to their future application
for new or refurbished residential buildings.
According to Assefa and Frostell (2007), the public is not familiar with fuel cell CHP and
it was not easy for the public to engage in basic discussion because of the lack of
knowledge. It is therefore likely that future technologies and spending of public funds are
mapped by experts who take into account the overall priorities of end-users. The public
adoption of fuel cell CHP technologies depends on the system’s practical and commercial
command as well as the development of its safety issues and standards to deal with
hydrogen’s special characteristics of flammability, buoyancy and permeability (Crabtree,
Dresselhaus and Buchanan, 2004).
The market can have the ultimate driving force in the technology adoption process,
whereas the government plays a key role in a technology change. It is important to
highlight the difficulties that correlate with the stages of change interventions. Eventually,
personnel involved in demonstration projects and those who have commercial experience
and technical expertise in the technology can provide a major input to highlight the
fundamental problems incorporated with the application of fuel cell CHP energy systems
that need to be addressed. Equally, they can help to map out the main highlights and
scenarios for the adoption of fuel cell CHP energy systems.
Lessons can be learned from demonstration, pilot and on-going projects. Both success
and failure of projects can make a significant contribution to later technology
development (National Research Council (NRC), 1999). Therefore, in scope evaluation
of fuel cell CHP energy systems, case studies can provide detailed accounts of fuel cell
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CHP applications in their actual context. Focusing on local case studies can pave the way
for developing a focused statement on applications and future adoption opportunities. The
investigation of the case studies focuses on the opinion of the “current end-users”.
From the abovementioned point of view, the work described in this thesis was developed.
Its focus is on exploring the impact of fuel cell CHP energy systems on end-users’
satisfaction in the residential sector and thereby informing future investment decisions in
the technology by businesses and public authorities. This research analyses publicly
available evaluations of fuel cell CHP energy systems as well as investigating real fuel
cell CHP case studies. Existing fuel cell CHP energy systems features in the market were
also considered as evaluation assumptions to test their influence on end-users’ decisions
of adopting fuel cell CHP energy systems.
Therefore, this research brings the perspectives of current and potential end-users, and
professionals in the field of clean energy and fuel cells closer. It discusses end-users'
reactions to the use of fuel cell CHP. In this way, public values related to new energy
systems such as fuel cell CHP are derived and used as the basis for an approach that can
be used to frame adoption plans by different end-users. Developments in fuel cell
technology itself are outside the scope of this research: the focus is user perceptions.
1.3

Aim and Objectives

The overall aim of this study is to identify the current state and future opportunities for
fuel cell CHP energy systems in residential buildings in the UK in light of the Diffusion
of Innovations Theory by Rogers. In pursuing this aim, the following objectives were set:
1.

To review previous evaluations of fuel cell CHP and identify the gap in
previous studies.

2.

To gauge potential adopters’ (individuals’) perspectives on the adoption of
fuel cell CHP.

3.

To assess the adoption experience of current adopters (end-users) from the
available application projects of fuel cell CHP.

4.

To identify the key drivers and challenges incorporated with the adoption of
fuel cell CHP in the residential sector in the UK.
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5.

To identify the opportunities and development for fuel cell CHP applications
in the residential sector in the UK.

1.4

Research Methodology and Approach

To achieve each of the research objectives set in Section 1.3, this research adopts a mixed
quantitative and qualitative approach using three main methods. Firstly, the available
evidence does not tell us much about the motivations of positive public opinion about the
adoption of fuel cell CHP specifically on a residential scale of application. Therefore, the
public response must be captured. For this reason, a “Public Survey” was designed online.
This drew information directly from the public (as potential adopters) about their
thoughts, feelings, plans and beliefs about new energy systems in general and fuel cell
CHP in particular. End-users were placed at the heart of the decision-making process by
directing them to participate in the public survey. The questionnaire-based online survey
was conducted between January and April 2017.
Secondly, it was important to draw out the opinions of energy and fuel cell professionals
on the current practice of fuel cells and to clarify the future vision in the uptake of fuel
cell CHP into the residential sector. Semi-structured interviews were conducted between
August 2015 and October 2016, to form the second research method “Interviews with
Professionals”. Interview questions covered three main themes on the development of
fuel cell CHP technology, the performance of fuel cell CHP energy systems and moving
forward with future installation plans.
Thirdly, evaluation of fuel cell CHP projects was conducted in the context of real-life
through the examination of four “Case Studies of End-Users”. The investigation of
multiple case studies has enabled the exploration of current end-users’ views from
available projects and the comparison of goals, processes and outcomes between cases.
The case studies in the overall evaluation contributed to describing project backgrounds,
drivers and barriers encountered and explaining the impact of these projects.
Recommendations were made accordingly for future fuel cell CHP applications. Case
studies were conducted between March and September 2017. More details on the research
methods are provided in Chapter 5 of this thesis.
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1.5

Thesis Structure

This thesis is divided into eight chapters with five appendices.
Chapter One (Introduction and Background to the Research) concisely defines the
content of this research and provides the framework of the major research activities to be
undertaken.

Chapter Two (Energy, Sustainability and Technologies) begins by laying out the
theoretical dimensions of the research and reviews the global and national energy
situation. It introduces the need for a sustainable solution that complies with the UK’s
legally binding targets. It explains the need for new, cleaner and more efficient energy
technologies.
Chapter Three (Fuel Cell Energy Systems) outlines the types and principles of fuel
cells. It discusses the drivers as well as the challenges for using fuel cell CHP. It compares
fuel cell CHP with other microgeneration energy systems and provides an overview of
the fuel cell CHP market.
Chapter Four (Previous Work on Evaluating Fuel Cell CHP) gives an overview that
explains how fuel cell CHP were evaluated in past literature. It also reviews theoretical
frameworks and models of the evaluation of technology adoption which define the factors
that need to be considered in the evaluation of such systems.
Chapter Five (Research Methods and Analysis Techniques) concerns the methodology
used in this study. It reviews methods that can be used to further explain the uptake of
fuel cell CHP that resonate with end-users’ needs. It identifies that triangulation is best
used in this research to access the tangible and intangible knowledge of the adoption of
fuel cell CHP, followed by a detailed description of the actual methods used (i.e.
Questionnaire-based public survey, Semi-structured interviews with professionals and
Case studies of end-users).
Chapter Six (Results) analyses the data of the public survey, the interviews with
professionals and the case studies of end-users. It presents the findings of the study,
focusing on the key themes that emerged from the preceding analysis.
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Chapter Seven (General Discussion – Explaining Fuel Cell CHP Adoption in the UK
Through Rogers’ Diffusion of Innovations Model) draws upon the entire thesis, tying up
the threads of theoretical background and empirical findings. It also includes a discussion
of their implications and relation to the existing literature. Moreover, findings of the three
applied methods were compiled and discussed to find points of compatibility and
difference in opinions among professionals (Professionals, the participants of the
interviews), current end-users (End-users, the participants of the case studies) and
potential end-users (the Public, the participants of the survey). The discussion chapter is
themed around the five objectives of the thesis, responding to the overall aim of the thesis.
Chapter Eight (Conclusions and Implications) includes a summary of the main findings
of this research. It draws out research implications for theory, future research and policy.
It identifies knowledge contribution and discusses the limitations of this research.
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Chapter 2. Energy, Sustainability and Technologies
2.1

Introduction

This chapter provides an overview of the state of energy and related environmental issues,
particularly in the United Kingdom. It summarises key concerns and how energy trends
are shaped accordingly. It explains how efforts are being made to optimise the use of
existing energy resources and to find better energy sources in the future. In addition, the
focus is on sustainable energy supply, demonstrating the low-carbon technologies in the
emerging technology environment. In this chapter, a review of research and development
(R&D) in energy production in the UK is presented. In an effort to understand the current
status of energy generation for all sectors, comprehensive information and data from
Department for Business, Energy & Industrial Strategy (BEIS), Office for the National
Statistic (ONS) and Carbon Dioxide Information Analysis Center (CDIAC) were
accessed. The information is presented in quantitative and qualitative forms.
2.2

Worldwide Energy Current Situation and Trends

Global warming and security of energy supplies have caused considerable debate around
the world. Since the oil crisis of 1973, diversification of primary energy resources has
become a priority, even for the most developed countries (Blomen and Mugerwa, 2013).
The topical energy issues are presented as follows:
1) Global growth in energy demand. According to IEA data collected between 1984 and
2004, steady population growth occurred, along with the growth in primary energy
consumption by 49% during this period (Perez-Lombard, Ortiz and Pout, 2008). In a
similar pattern, according to a report by the United Nations (2019), the world’s
population continues to grow. The current world population of 7.7 billion is expected
to reach 8.5 billion in 2030, 9.7 billion in 2050 and 10.9 billion in 2100 ;
2) Global warming, energy consumption growth is associated with a significant increase
in CO2 emissions. An increase of 43% in CO2 emissions happened between 1984 and
2004, as shown in Figure 1. In addition, natural gas demand grew remarkably in 2018
by 4.6%, as reported by IEA (2019a). Moreover, the global land and ocean surface
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temperatures for January 2020 were the highest in the last 141 years, according to the
National Centers for Environmental Information (2020);
3) Exhaustion of fossil fuel resources, global fossil fuel depletion was predicted to
happen between 2070 and 2110, according to Stephens et al. (2010). Until the present
day, the debate over oil depletion continues (Bardi, 2019), making dependence on
conventional fossil fuel uncertain. In addition, urbanisation and population growth
change land use (Ghosh and Brand, 2003; Mercure, 2012), which also affects climate
change;
4) Global unrest, associated with poverty and uncertain fossil fuels prices. Natural gas,
as the primary heating fuel, has been facing a high degree of price volatility, shown
in Figure 2. A study of poverty in the UK found that 30% of households cannot afford
the heating of their homes in the winter (Gordon and Mack, 2013), of which 1.5
million (11%) children live there and 13% of pensioners live in low income,
according to the Department for Work and Pensions (2018).

Figure 1 Primary Energy Consumption, CO2 Gas Emission and Population Growth,
(IEA, 2006) mentioned in (Perez-Lombard, Ortiz and Pout, 2008)
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Figure 2 Natural Gas Prices 2014-2019 (IEA, 2019a)
Demand for fuel increased worldwide, led by natural gas. In particular, in 2018, the rate
of energy consumption has been twice the rate of growth since 2010. As a result, carbon
dioxide emissions increased by 1.7% in 2018 and set a new record (IEA, 2019b).
Consequently, there are growing concerns about global energy sources availability and
climate change.
2.3

The Energy Situation in the UK

In this section, the energy situation in the UK is described based on the latest national
statistics by BEIS on energy and climate change and CDIAC. The state of energy is
described in terms of total energy production, energy consumption by sector, GHG by
sector and energy consumption by type of fuel. In the 1970s, the UK was a net energy
importer, according to BEIS (2018). In the 1980s, the United Kingdom became a net
exporter of energy after the development of oil and gas production from the North Sea.
Total energy production increased rapidly between 1980 and 2000. This was followed by
a general decline due to maintenance activities and the depletion of many oil and gas
fields. In 2017, energy production was down 57% from production in 1999.
According to BEIS (2018), the transport sector represents the largest consumption.
Domestic energy use accounts for about 30% of UK fuel consumption as shown in Figure11 | P a g e

3. The percentage of domestic consumption has remained almost unchanged over the past
45 years, from which about half of the UK’s fuel consumption is for space and water
heating and cooking in the residential sector only (Dodds et al., 2014).
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Figure 3 Energy Consumption by Sector 1990 to 2017, Based on (BEIS, 2018)
In addition, according to the CDIAC (2011) statistic, human activities, such as burning
fossil fuels, have led to extensive environmental damage. Over the past 150 years, after
the Industrial Revolution, atmospheric CO2 levels have risen by almost 25% in the UK,
as shown in Figure 4.
In 2017, GHG emissions, mainly produced as a result of burning fossil fuels, were 43%
lower than in 1990. The reason for this decline is largely due to the use of renewable
energy sources in the production of electricity. The transport sector accounts for the bulk
of GHG emissions, down only 2% between 1990 and 2016. The direct CO₂ emissions
from buildings were 83 million tonnes of CO₂ in 2017, from which 77% are from homes
(BEIS, 2018; Committee on Climate Change (CCC), 2019).
Residential emissions accounted for 15% of all GHG emissions in year 2017. The
residential share of CO₂ from grid electricity is about 5%, a total of 18% GHG from the
residential sector. Since 1990, emissions from the residential sector have decreased by
only 13% as shown in Figure 5. GHG emissions from the energy supply sector have
declined by 57% since 1990 due to changes in the electricity mix, with increased use of
renewable fuels and energy efficiency (BEIS, 2018; CCC, 2019).
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Figure 4 Atmospheric CO2 Levels from the United Kingdom, Years 1750 to 2010
(CDIAC, 2011)

Figure 5 The UK’s Greenhouse Gas Emissions by National Sector, 1990 to 2016 (BEIS,
2018) - *LULUCF: land use, land use change and forestry
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Primary energy consumption of natural gas and electricity has increased significantly in
the past 30 years, while consumption of coal and oil has declined. Bioenergy and waste
consumption also increased (BEIS, 2018). As shown in Figure 6, energy production in
the United Kingdom depends heavily on fossil fuels. Most energy produced from low
carbon sources is obtained from nuclear power and bioenergy.

Figure 6 Energy Consumption by Type of Fuel 1990 to 2015 (BEIS, 2018)
With regard to energy security, the IEA definition is “the uninterrupted availability of
energy sources at an affordable price” (IEA, n.d.). BEIS statistics have measured this
complex term by looking at the margin between the maximum supply and maximum
demand for gas and electricity as major sources of energy in the UK at present. The
electric power margin fell from a peak of 44% in 2013/14 to 29% in 2016/17 due to the
closures and conversion of major power plants. Renewable energy capacity increased the
margin slightly. There was a drop in peak demand in 2017 and an increase in capacity
which increased the margin to 36%. The gas energy margin has remained broadly stable
in recent years. There has been a slight increase in demand for gas due to rising demand
from domestic users and the shift from coal to gas for power generation (BEIS, 2018).
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In terms of fuel poverty in the UK, the proportion of households with incomes below 60%
of the average current income was 22% in 2017, of which 30% include children (Simcock,
Walker and Day, 2016). Fuel poverty is believed to be more than just the lack of adequate
space heating. Energy poverty factors include access to energy carriers, affordability,
flexibility, energy efficiency, energy efficiency needs and practices. Energy poverty is
therefore said to be highly correlated with energy resources, technical infrastructure and
household needs (Bouzarovski and Petrova, 2015). The UK has a temporary milestone to
accommodate as many households as possible within Fuel Poverty Energy Efficiency
Rating (FPEER) band from C (lowest) to A (highest). However, between 2010 and 2016,
the number of households in band D (i.e. in energy efficiency properties below the target)
doubled, and in 2016, it constituted the majority of the household population (BEIS,
2018).
According to a report by DECC in which public attitudes were tracked over time since
2012. In 2015, concerns over the UK’s energy security had fallen to their lowest level
since the tracker started. Nearly 68% were concerned about steep energy price rises and
58% were concerned about the sufficiency of energy supplies from fossil fuels. Moreover,
concerns of 63% stemmed from the slow trend of UK investment in alternative energy
sources (DECC, 2015). However, it is stressed by Matsumoto, Doumpos and Riosopoulos
(2018) that ensuring the security of energy supplies is important in the EU countries in
general due to geopolitical considerations and reforms in the market. Although Britain
has maintained a consistent level of electricity and gas supply margins, household poverty
levels are increasing and emissions from the housing sector remain large.
2.4

Policy Context Towards a Sustainable Solution

To address the above issues, as a top priority, a sustainable solution is needed. Policy and
regulations drive energy use. Matten, Head and Quemada (2008) argue that government
activities can facilitate or hinder business activity. In the dynamic technological
evolution, transitional policies are needed at first to support the roll-out of niches and are
then gradually reduce them to avoid permanent protection (Magnusson and Berggren,
2018). The main focus of the UK policy is to increase energy efficiency and thus reduce
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carbon emissions and save energy. It also aims to increase the uptake of renewable
electricity and heat sources and technologies (Scottish Renewables, 2014).
The UK government is legally committed through the Climate Change Act to reducing
GHG emissions by one-third by 2020 and to at least 80% below the 1990 baseline levels
by 2050 (DECC, 2012). It also has a plan to use low-carbon technologies to produce about
half the heat in UK buildings by 2030. Besides, the UK government is committed to
introducing advanced energy efficiency standards to ensure that new buildings for future
homes and businesses are as efficient as possible (DECC, 2011).
Policies can support consumers and enable industries to be confident of a market. They
can also give local authorities the ability to produce heating from district systems if
possible (Scottish Renewables, 2014). According to DECC (2014a), the two main
schemes that supported the uptake of low-carbon technologies are the pre-existed Feedin Tariff (FiT) and the Renewable Heat Incentive (RHI). The FiT was the UK main
financial incentive scheme encouraging the implementation of renewable energygenerating technologies on a small-scale. Eligible CHPs are 2kW or less. RHI is a similar
scheme to FiT, which has been introduced for low-carbon heat generation. Amounts are
paid over seven years and are calculated to bridge the gap between the cost of fossil fuel
systems and renewable systems.
High-quality CHP plays a key role in the transition of the UK government policy
framework to a low-carbon economy. Since the introduction of the UK’s low carbon
policies, the capacity of low-carbon electricity has increased three times since 2010
(BEIS, 2017a). The preference of the end-users in a public survey was to support the
running costs of the new energy system, marking an increase (8%) was recorded in total
installations 2016-2017, with around 99% of small-scale CHP installations are
photovoltaic solar installations (BEIS, 2017a).
Historically, government support played a vital role in stimulating the adoption of energy
systems. McKenna, Pless and Darby (2018) showed that the number of solar photovoltaic
installations has fallen dramatically from more than 55,000 installations per month in
2011 to less than 3,000 per month in 2017. This is at least partly a response to cuts in
government subsidies for residential PV, the Feed-in-Tariff.
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Local policies can direct people's use of natural resources and consider other measures
needed. Therefore, the energy efficiency rating and building carbon emissions (Energy
Performance Certificates (EPCs)) were introduced. EPCs are required before construction
or before a building is marketed for sale or rent. EPCs show two ratings, the current rating
and the potential rating when recommended measures are implemented to improve
overall efficiency (Department of Finance (DoF), 2013).
Cases of successful local low carbon energy transition have been investigated in Germany
and the Netherlands. Lessons drawn from these cases showed that the three necessary key
factors are: building networks (the municipalities already had excellent national networks
in a way that attracted funding and innovative ideas to implement locally and also by
embracing local support campaigns); managing expectations (for example, the Mayor
was responsive to community needs, and providing subsidies by the central government
for social innovations program); and facilitation of learning (for example, the integration
of a planning office made expert knowledge available). Also, mutual trust between local
government and representatives of local communities is a must. Also, the strategic,
community-serving, responsive, and reflexive leadership by public officials spurred the
success (Hoppe et al., 2015).
While, Hodson et al. (2013) argue that in the liberalism, the lack of local governments’
power over the UK’s central government creates a struggle for the local authorities to
intervene in energy systems legislations. Energy liberalisation coincided with
privatisation and public ownership (Webb, Hawkey and Tingey, 2016). Therefore,
Zenghelis (2012) brought to light that investment in the low carbon sector by the private
sector has slumped because of the lack of confidence in the future return. Zenghelis added
that money has been hoarded after the economic crises, creating a “paradox of thrift” by
individuals, banks and private businesses. As a result, the private sector preferred to invest
in risk-free assets such as solvent sovereign bonds. It is believed that deregulation helps
stimulate business activity to attain economic growth through green investment and
innovation.
Webb, Hawkey and Tingey (2016) noted that there is a gap between ambition and
progress in city leadership for sustainable energy. This gap results from the weak role of
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municipalities in the context of neo-liberalism in Britain. Their findings focused on
developing a model that promotes the role of local communities in the form of urban
mediation to respond to long-term societal damage caused by climate change. It called
for providing municipalities and regions with funding or financial guarantees in addition
to specific local authorities, which would modify the balance of power and push for the
creation of sustainable long-term projects. This model requires concerted action at all
levels locally, regionally and nationally with greater decentralisation and supply
generation.
The energy policy landscape is changing to balance national goals that contribute to
global energy strategies such as the “Energy Trilemma Index”. The Energy Trilemma
Index is accepted as the basis for the prosperity and competitiveness of individual
countries. It balances the three main goals: energy security, energy equity and
environmental sustainability (BEIS, 2014).
A study by Loveday et al. (2008) reviewed the trends in society, technology and energy
demand for thirty years since the 1970s. The study reported that modern lifestyles urged
the growth of the “on-demand” culture, increasing residential energy demand
significantly within that period, by 32%. More research is being developed to adapt to the
contemporary nature of life and emerging technologies. There is an increasing focus on
renewable energies as an alternative to the use of fossil fuels (Meyer, 2007). Renewable
energy sources are said to meet the global demand for energy (Herzog, Lipman and
Kammen, 2001). Elements of a sustainable energy strategy change over time (Hammond,
2000). Thus, significant support has been provided to the research, development and
diffusion of renewable energy sources and technologies in global policy scenarios in an
attempt to reverse current energy trends (Perez-Lombard, Ortiz and Pout, 2008).
This effort was made in the UK, where heat generation from renewable sources increased
by 19% during 2013 (DECC, 2014b). In response to the Climate Change Act, UK
emissions were 43% below 1990 levels in 2017. The UK is on track to meet the shortterm carbon budget but is not on track to meet the fourth quarter of the 2023 carbon budget
and beyond. Achieving the UK’s 2050 target to reduce emissions by at least 80% of 1990
levels requires reducing domestic emissions by at least 3% annually. This requires the
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completion of current progress with more challenging actions (CCC, 2018b). Even these
targets are insufficient to satisfy some parts of society, as shown by widespread climate
change-related demonstrations in 2019.
Also, policies are being updated to include new, low-carbon technologies as they evolve
(EST, n.d.-a). This fast-growing and volatile energy-saving environment is driving the
need for rapid strategic action to reduce the uncertainties of change in the emerging
technology environment. The UK government’s energy trilemma is to reduce carbon
emissions, improve energy security and reduce costs. It is believed that “Innovation” is
“the only way to tackle the energy trilemma” (BEIS, 2014). However, Magnusson and
Berggren (2018) stressed the risk of deriving technology policies without considering
specifications of emerging systems with different support needs.
Renewable energy sources, such as wind, hydropower, biomass and solar power,
basically evolve from solar energy (Hammond, 2000). In particular, wind and solar
energy are among the most promising renewable energies currently used in power
generation technologies (Wang and Nehrir, 2008). The United Kingdom, particularly
Scotland, Northern Ireland and Wales, is located in the face of the Atlantic frontier where
it has the most powerful wind power in Europe (Bahaj, Myers and James, 2007; DECC,
2014b). The main constraint, however, of renewable energy sources is their intermittent
and unpredictable supply of energy. The structures of the decentralised generation depend
on the geographical and meteorological status of the region (Dursun and Kilic, 2012). On
the other hand, the mass production of energy from renewable sources can cause
instability in the national grid. For example, on windy days, Scottish companies needed
to shut down their wind turbines at a cost of £12m (Valerde et al., 2013). Besides, even
though wind turbines overwhelm the landscape, when the wind stops, they are unable to
generate power.
In the end, there is an urgent need for a constant energy source, where energy is provided
when needed not only when available. Moreover, concrete and rapid actions must be
taken to address the threat of climate change and meet the UK’s climate change targets.
Ideally, renewable energy generation when combined with energy storage, can provide a
clean and safe source of energy.
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2.5

Low Carbon Energy Production Choices

Low carbon energy generation comes from technologies and / or processes where energy
is produced with less harmful gas emissions compared to traditional fossil fuel energy
generation. An overview of the main benefits and risks of technologies to produce lowcarbon energy is presented in Table 1, based on evidence from Hertwich et al. (2016).
Table 1 The Main Benefits and Risks of Low-Carbon Energy Extraction Methods
ID
1

Source of
Energy
Coal and
Natural gas
with Carbon
Capture

Benefits

Risks

Versatile
Accessible
Mature market
Currently the dominant source of
energy

Associated concerns about
increased human toxicity,
eco-toxicity,
eutrophication
Increased fossil
fuel consumption
Carbon capture is in
demonstration stage

Currently the world’s most
important source of renewable
electricity. Produces 6.1% of
energy supply
Can serve other purposes, such
as water storage, irrigation and
transport.
Reduced particulate exposure
Low eco-toxicity
Low direct land use

Riparian habitat change
(reservoir
and downstream)
High water use due to
evaporation
High land use for
reservoirs
Bird and bat collisions
High metal consumption

Concern about heat
transfer fluid
High water use
High land use
Limited to availability of
sunlight
High metal use
High direct land use for
ground-based systems

2

Hydro

3

Wind

4

Solar

Low eco-toxicity
Low particulate matter
Low human toxicity

5

Photovoltaic

Low eco-toxicity
Low particulate matter
Low human toxicity
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ID

Source of
Energy

6

Geothermal

Benefits

Low fossil GHG

Risks

Aquatic habitat
change/pollution
High water use for cooling
Air and water pollution
from geofluid flow in
some sites
Noise associated with
drilling and well testing

Combustion of coal and natural gas is the main source of GHG emissions even with
carbon sequestration. The combustion of coal and natural gas is the most important cause
of human health issues associated with pollution. Coal fired power plants generate 8001000 grams of CO2 per kilowatt-hour (g/kWh) and natural gas combined cycle power
plants 600 g/kWh. In comparison, the energy technologies mentioned in Table 1 (ID 2-6)
can reduce emissions to less than 50 g/kWh. Hydropower requires extensive land use
while the least land use requirements are for power generation of natural gas, wind power
and roof-mounted photovoltaic power. For construction materials, natural gas and
hydropower plants generally have the lowest material requirements (Hertwich et al.,
2016). Fossil fuel has been used in power generation for several decades. The
disadvantage of using fossil fuels is mainly their contribution to global warming.
However, renewable sources also have their drawbacks, as mentioned in Table 1.
Maximizing efficiency in energy production continues to be a challenge and efforts to
overcome it will continue.
2.6

Hydrogen as an Energy Carrier

Measures have been introduced to achieve energy security and meet climate change
objectives through comprehensive research and development, and researchers and policy
makers are still looking for better alternatives, with a major focus on the so-called
“hydrogen economy” (Marbán and Valdés-Solís, 2007).
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Hydrogen is the simplest and most abundant element on Earth (Edwards et al., 2008) and
can be derived from water. In addition, hydrogen is highly energy intensive and can be
stored as fuel with minimal long-term losses (Valerde et al., 2013). Hydrogen provides
different storage options for intermittent renewable sources of energy (i.e. solar and
wind), base-load (i.e. geothermal) and seasonal (i.e. hydropower) energy sources (Elam
et al., 2003). Despite extensive past use in “town gas” supplies where a mixture of
hydrogen and carbon monoxide was manufactured from coal, hydrogen is mainly used in
the chemical industry, but is expected to return as an important fuel (Holladay et al.,
2009).
In order to replace the widespread use of fossil fuels, hydrogen must be stored and
released when needed. Hydrogen can be produced in several different ways and once
produced, it can be stored as compressed gas, liquid, or in a chemical or metal compound.
Access to clean hydrogen fuel, the so-called “green hydrogen”, depends on production
from a renewable source (Larminie, Dicks and McDonald, 2003). CCC recommended
using hydrogen as a low-carbon fuel, the so-called “hydrogen economy” and as a reliable
option that could replace natural gas in parts of the energy system, making an important
contribution to long-term decarbonisation (CCC, 2018a).
2.7

Hydrogen Technologies

The hydrogen economy can only be developed through the adoption of hydrogen
technologies on a large scale. Technology has an important impact on both supply and
energy use.
In history, the economy has continuously thrived with various examples of energy
sources. As argued by Lucas (2002), the main turning point of unprecedented growth was
marked after the Industrial Revolution when coal was used in steam engines, oil fuelled
combustion engines and electricity powered homes and industries with light bulbs and
rotary motors. For electric power, hydrogen has a natural partner, fuel cells (Crabtree,
Dresselhaus and Buchanan, 2004). Until recently, concerns about security of energy
supply and environmental issues diverted attention to fuel cells among available
technologies.
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The results of Dodds (2014) confirm that hydrogen-fuelled technologies are long-term
options that must be considered because the market is not yet ready and infrastructure is
also not in place. Injection of a small amount of hydrogen into the current gas network
could be a near-term option to reduce primary emissions until a complete transformation
of the gas network takes place, which would require a 20 to 35-fold increase in hydrogen
production. Until this long-term goal is achieved through further research and
development, fuel cells as a low-carbon technology have the potential to contribute to the
mitigation of energy problems, and are discussed in Chapter Three.
2.8

Summary

This chapter provided an overview of the state of global energy and related environmental
issues. It has been shown that human interactions have greatly affected the state of energy
around the world. This is mainly due to population growth and industrial development.
In the UK, domestic energy consumption remained almost constant at around 30% of
total energy consumption. The use of renewable energy sources in electricity production
helped reduce GHG emissions by 43% between 1990 and 2017. Residential emissions
represent 18% of all GHG emissions. Energy production in the UK continues to rely
heavily on fossil fuels. According to the BEIS statistics, the UK had sufficient margins
for electricity and gas capacity. However, the energy efficiency of the majority of
households is below the C-level, the lowest level of FPEER target rating in the UK and
this contributes to increased poverty levels. Moreover, in response to climate change,
more difficult measures are needed.
In the context of energy transformation to tackle energy challenges and related
environmental issues, this chapter concludes that the assessment and testing of the
efficiency and readiness of modern energy systems are of great importance to finding
alternative solutions appropriate for local conditions and available energy sources. This
can be considered as a justification for the work described in this thesis.
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Chapter 3. Fuel Cell Energy Systems
3.1

Introduction

Fuel cell CHP have recently received interest in energy production. In this chapter, key
developments in fuel cell CHP technology and market status are presented. In doing so,

the configuration, types and mechanism of fuel cell CHP are explained in energy
production. In addition, drivers and challenges that can affect the current energy system
are also discussed with the use of fuel cell CHP energy systems.
3.2

Fuel Cell Technology

3.2.1 Fuel Cell Configuration and Types
A fuel cell is a battery-like device that reacts electrochemically when fuelled to generate
electricity. The first presentation of the fuel cell was by lawyer and scientist William
Grove in 1839 after conducting several experiments using a “gas battery” (Fuel Cells
2000, n.d.). However, the fuel cell was not seriously implemented until the 1960s when
NASA first used it in space missions, where a very light and efficient power plant was
required and the cost was not a critical factor (Perry and Fuller, 2002).
As used by Grove, the simplest and most common type of a fuel cell mechanism relies
on the basic principle of chemistry that combines hydrogen (H2) or a hydrogen-rich fuel
and oxidising substances, usually pure oxygen (O2) or oxygen from air, generating water
and heat (2H2 + O2 → 2H2O) (Larminie, Dicks and McDonald, 2003). This combination
produces electricity directly using a low-temperature electrochemical process (Edwards
et al., 2008).
A good understanding of the components and mechanism of fuel cells is necessary to
estimate the benefits of fuel cell systems and their operational characteristics compared
to conventional combustion-based technologies. There are several types of fuel cells but
all depend on a central design (two panels, two electrodes and the electrolyte covered
with a thin layer of the catalyst) (Larminie, Dicks and McDonald, 2003).
Fuel cells are generally classified according to the nature of their electrolytes, with the
exception of direct methanol fuel cells that are designated for their ability to use methanol
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as fuel. Each type requires specific materials in its components and fuel and also has its
own operational properties as shown in Figure 7 (Haile, 2003). Fuel cells have been
considered as a low-carbon technology that has a potential for use in different application
areas at various levels, from microchips to entire buildings, power plants, spacecraft, and
vehicles (IPHE, 2011).

Figure 7 The Five Principal Types of Fuel Cells (Steele and Heinzel, 2001)
There are five major types of fuel cells. A high reaction rate can be achieved in the Solid
Oxide Fuel Cell (SOFC), which operates at high temperatures ranging from 5001000°C. High temperatures also outweigh the need for a more valuable catalyst, leading
to lower costs. Moreover, it has the ability to reform natural gas internally as shown in
Figure 7 at (A). SOFC operates with a solid oxide electrolyte. However, there is a need
to use costly bipolar panels with special features of thermal and chemical stability (Steele
and Heinzel, 2001). Like SOFC, the Molten Carbonate Fuel Cell (MCFC) operates at
high temperatures, about 650°C. Natural gases can be used directly, without an external
reformer. However, leakage problems can occur due to the nature of the molten
electrolyte. MCFC can use waste heat with generated power (Carrette, Friedrich and
Stimming, 2000). The Phosphoric Acid Fuel Cell (PAFC) has achieved a 40,000 hours’
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lifetime warranty. It is mainly used in stationary power plants and generates about 200
kW of thermal energy in the form of steam. The system is called combined heat and
power (CHP) or cogeneration (Larminie, Dicks and McDonald, 2003).
The Proton Exchange Membrane Fuel Cell (PEMFC), also known as polymer
electrolyte membrane, is very simple in chemistry. The membrane electrode assembly
(MEA) consists of a solid polymer, proton conducting membrane electrolyte, a platinumbased catalyst, and a porous gas electrode support material on both sides of it. These cells
require quite low temperatures, below 100°C. The problem of slow reaction at low
temperature is addressed using sophisticated catalysts. PEMFC are considered for space,
military and low power applications (<1 kW). They have the ability to generate much
higher power densities at lower temperatures than other fuel cell types (Ralph, 1997).
They do not contain corrosive liquids and are therefore useful to almost all applications
(Ali and Salman, 2006). Thus, PEMFC received a large share of attention among the
other types of fuel cells. However, pure hydrogen must be supplied as a fuel for PEMFC.
To deal with the problem of hydrogen supply, where pure hydrogen must be supported,
methanol (CH3OH) has been used as a fuel in its liquid form in the PEMFC and can be
obtained from natural gas or renewable biomass resources. These are called Direct
Methanol Fuel Cells (Larminie, Dicks and McDonald, 2003).
The Alkaline Fuel Cell (AFC) was used on the Apollo missions and the space shuttle
orbiter by NASA operating below 100°C (Carrette, Friedrich and Stimming, 2000).
Basically, a non-solid electrolyte is used in AFCs. Coutanceau et al. (2006) have then
experimented the development of electro-catalysts for solid alkaline fuel cell along with
the contribution of an anionic membrane. The fuel cell alkaline medium allows for the
use of catalysts with a composition other than platinum and induces oxygen reduction,
resulting in a higher efficiency system (Carrette, Friedrich and Stimming, 2000). Supplies
of air and hydrogen fuel must be free from CO2 (Larminie, Dicks and McDonald, 2003).
Li (2006) points out that AFC usage is limited to space applications due to the
considerable performance loss as a result of the lack of CO2 rejection by the AFC
electrolyte. Thus, AFCs are considered as impractical on Earth.
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Although PAFC is more tolerant to impurities in hydrogen fuel than PEMFC or AFC
(Edwards et al., 2008), eventually PEMFC, AFC and PAFC, as shown in Figure 7 at the
side (A), need pure hydrogen supply. While SOFC and MCFC process the fuel supplied
internally to achieve a high level of efficiency within the fuel cell (Steele and Heinzel,
2001).
There is no ideal type of fuel cell for all applications, but PEMFC and PAFC are the most
commercially available and most commonly used for the domestic sector. Megawatt
(MW)-level power generation can be achieved using MCFC and SOFC (Ali and Salman,
2006). In their analysis of the market, Battelle Memorial Institute (2017) suggested that
both the SOFC and PEMFC energy systems have potential in residential combined heat
and power systems. PEMFC showed higher durability than SOFC. While SOFC is less
expensive and has higher efficiency. An overview of the types, applications, operating
temperatures, and the advantages and disadvantages of fuel cells, as explained by Carrette
et al. (2000), is presented in Table 2.
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Table 2 Fuel Cell Types, Characteristic, Advantages and Disadvantages, (Carrette, Friedrich and Stimming, 2000)

3.2.2 Fuel Cell Mechanism
In the fuel cell, hydrogen and oxygen are fed through channels on side plates. Hydrogen
is supplied from a storage tank or from gas that has been reformed from the grid. Oxygen
is supplied from the air. When hydrogen molecules interact with the catalyst, they break
into protons and electrons. The protons are allowed to pass through the membrane while
electrons are forced to travel in an electric circuit that generates a direct electrical current.
Electrons, protons and oxygen meet on the other side of the fuel cell producing water and
heat (Haile, 2003; Larminie, Dicks and McDonald, 2003).
Hydrogen is the basic fuel of fuel cells. Most types of fuel cells need pure hydrogen but,
hydrogen is rarely found on Earth in its elemental form (Edwards et al., 2008). In the UK,
approximately 95% of hydrogen is produced from steam methane reforming (MartinezPerez et al., 2007). The process of gas reforming is dependent on fossil fuel and produces
large amounts of carbon emissions (Show, Lee and Chang, 2011), as explained in the
reaction formula: CH4 + O2 → 2H2 + CO2 (Freni, Calogero and Cavallaro, 2000).
However, hydrogen can save 60-85% of CO2 emissions compared to natural gas when
used in boilers (CCC, 2018a).
Green hydrogen can be obtained through electrolysis of water, which separates it into
oxygen and hydrogen gas, using solar energy, wind power or other renewable electricity
sources. This process is practically the opposite of the fuel cell (Larminie, Dicks and
McDonald, 2003). The anaerobic fermentation of hydrogen has also gained global
attention in which organic waste and wastewater are used in the production of biohydrogen. (Show, Lee and Chang, 2011).
3.3

Drivers for Using Fuel Cell Energy Systems

According to Birleanu (2003), successful technologies are identified by their high power
reliability, their minimal environmental emissions, and their potential for cogeneration.
Fuel cells have been identified by the Scottish Government in the 2020 Route Map for
Renewable Energy in Scotland as an important technology for making an impact on the
energy landscape in Scotland (Scottish Government, 2011). The drivers for using fuel
cell energy systems as mentioned in the literature are explained in this section.
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Residential fuel cells have experienced significant uptake and now have the largest
market share in fuel cell CHP systems (Brandon and Kurban, 2017)
3.3.1 Reduction in Environmental Impact
According to Wang and Horton (2015), tackling climate change is the greatest
opportunity for addressing global health issues, such as undernutrition and food
insecurity. As mentioned in the previous section, the fuel cell mechanism relies on an
electrochemical process combining hydrogen with oxygen to produce electricity.
Besides, fuel cells allow for the integration of renewable technologies avoiding the
intermittent supply of renewable energy sources. Thus, fuel cell energy systems have
potential in the low-carbon energy generation domain.
Even when gas reforming is used, compared to other CHP technologies, fuel cell CHP
emit less GHG due to their higher efficiency (Onovwiona and Ugursal, 2006). Moreover,
the embodied carbon intensity for the construction of a fuel cell is lower than solar PV
and roughly similar to a nuclear power station. Running a residential natural gas-based
fuel cell have shown that an annual reduction of 1-2 tonnes CO2 can be achieved. Other
pollutant emissions such as nitrogen oxides (NOx), carbon monoxide (CO) and
atmospheric particulate matter (PM10) can be reduced by a tenth compared to other
conventional gas-burning technologies (Dodds et al., 2014). In 2017, the number of
households in the UK was 27.2 million households. The average family size is 2.4 which
represents about 50% of the number of households in the UK (Office for National
Statistics, 2017).
Fuel cells are recognised to support climate change and energy security goals. Especially
with the use of hydrogen fuel because they add to the flexibility of energy production and
decreasing harmful emissions (Brandon and Kurban, 2017). In addition, a demonstration
of 1000 fuel cell-based CHP units concluded that fuel cells have lower GHG emissions
than gas condensing boilers or heat pumps. As a result, they lead to lower air pollutant
emissions compared to alternative energy systems. End-users participating in the
demonstration project were satisfied with many aspects of the installed systems,
especially the environmental profile (Ravn Nielsen and Prag, 2017).
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For maximum production of 13,000 kWh of electricity and approximately 5,200 kWh
thermal energy per year, fuel cells can reduce carbon emissions by half. The higher
efficiency allows for using less fuel, saving up to 4 tonnes of CO2 per year, according to
BlueGEN performance data (Solid Power, 2016).
According to Dodds et al. (2014), a 50% reduction in carbon emissions was obtained as
a result of the use of fuel cells in residential applications. Compared to the use of airsource heat pumps, it was found that fuel cells have a lower proportion of emissions.
Therefore, considering the efficiency of fuel cells, although these systems still rely on
natural gas, they can contribute to the low-carbon energy production. Ultimately, when
carbon is removed from fuel supplies, for example when using hydrogen, their potential
for low-carbon energy production is higher.
3.3.2 Fuel Flexibility, Reliability and Security of Supply
The fuel cell energy system configuration allows the integration of renewable energy
sources, depending on the geographical location and the available technologies in the
market. Fuel cell energy systems allow for energy generation and storage. Besides they
integrate with renewable energy within a hybrid system (Wang and Nehrir, 2008). Fuel
cells are important source of energy for distributed generation (Yu et al., 2007). Also,
they are suitable for remote areas (Lasseter and Paigi, 2004). This type of distributed
generation is a new approach in the electricity industry (Alanne and Saari, 2006), which
allows energy collection from many sources, with less time required to manufacture large
centralised power stations (Ackermann, Andersson and Söder, 2001).
However, the distributed generation used to be the role in electricity generation in its
early stages (Pepermans et al., 2005). As an alternative, central renewable energy
generation systems can be tailored to meet specific energy generation demands, under
particular conditions at low cost (Herzog, Lipman and Kammen, 2001). Selfconsumption was an important driver for solar adoption worldwide. It has been shown
that the factor autarky has a strong impact on the acceptance of decentralised energy
systems (Ecker, Hahnel and Spada, 2017), which is the case of fuel cell CHP having the
potential in decentralised generation. Additionally, a report by Curtin (2010) named
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several fuel cell advantages, such as fuel flexibility, reliability, efficiency, silent
operation, extended run times, low to zero emissions and energy independence.
3.3.3 High Storage Capacity and Discharge Duration in the Fuel
Fuel cell energy systems can have high storage capacities and long discharge periods with
the power-to-gas potential approaching natural gas, as shown in Figure 8. This potential
is not considered at present as hydrogen is obtained from the gas reforming process
directly from the gas network. But, later on, if this feature is utilised, it can add to the
overall usefulness of fuel cells (ITM Power, 2014).

Figure 8 Energy Storage Technologies (ITM Power, 2014)
3.3.4 Potential for CHP
Fuel cell produces heat as by-product, which when used in the fuel cell system near the
site of use it combines heat and power (CHP), supplying electricity and thermal energy
from a single source of fuel (Gunes and Ellis, 2003). And, when applied on a small
residential scale that cogeneration is known as micro-CHP (Fuel Cell Today, 2012). As
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such, Delta Energy and Environment (Delta-ee) (2015) confirmed that fuel cell CHP
deployment empowers consumers for three reasons: consumers have control over their
production of energy; consumers have more choice options, and consumers can cut their
energy bills with better energy efficiency. Moreover, the deployment of fuel cell CHP
can save more than 25% of primary energy. However, the current UK’s CHP market is
heavily based on fossil fuels (natural gas) as shown in Figure 9, which can only be
changed by the future production of “green hydrogen” from renewables.

Figure 9 CHP Schemes by Type of Fuel in 2016 (BEIS, 2017a)
3.3.5 High Efficiency
Energy efficiency is directly linked to energy poverty, as asserted by Simcock, Walker
and Day (2016), less efficient technologies are said to be concentrated in low-income
households. Whether people live in private or rented accommodation, they either cannot
afford to buy new efficient appliances or are restricted to landlords’ goods. Fuel cells and
hydrogen energy can contribute to the mitigation of fuel poverty with the enhanced
efficiency introduced along with these technologies (UK Hydrogen and Fuel Cell
Association (UKHFCA), n.d.). Much of the research on energy poverty focuses on how
people acquire the space heating needed for physical and mental health. However, this
poorly defines energy poverty and the definition needs to be expanded to include other
major energy services such as water heating, lighting, cooking, etc. (Simcock, Walker
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and Day, 2016). The ultimate role of fuel cells in heating systems is unclear (Dodds et
al., 2014), whereas fuel cells are currently mainly used in the production of electricity
and hot water. CHP can increase the overall efficiency of energy generation systems
(Lasseter and Paigi, 2004).
Moreover, a market study by Delta Energy and Environment (2016) found that fuel cell
CHP can save 25% of primary energy. In the current models of fuel cell CHP, the
efficiency of BlueGEN system (the only locally available product) is A++ (Solid Power,
2016), with reference to the energy rating standard across the EU (BEIS, 2017b).
Therefore, fuel cell energy systems could have a role in mitigating climate change and
poverty levels with their high efficiency which can reduce the consumption of fuel and
cut energy bills. It was also indicated that fuel cells could be an effective alternative to
internal combustion engines and boilers (Wang, Wang and Fan, 2018). However, Shove
(2018) argued for promoting energy efficiency as an international response to climate
change. Shove also stressed the importance of taking appropriate actions by
policymakers, designers, developers and scientists to find solutions that challenge the
existing problematic assumptions about the present and future ways of life.
3.3.6 Scalability
One fuel cell has an electric potential ranging from 0.5 to 1 Volt. Fuel cells can be
integrated into a stack to produce as much energy as needed. The scalability makes fuel
cells applicable to a wide range of applications, from vehicles (50-125 kW) to laptop
computers (20-50 W), homes (1-5 kW), and central power generation (1-200 MW or
more) (U.S. Department of Energy, 2015). The fuel cell includes military, space,
residential, portable and stationary applications (Ali and Salman, 2006). Fuel cells can
also be used for cooling in hot countries as proposed in the case of Kuwait. In a similar
way to heating, cold storage is recommended for better performance (Darwish, 2007).
Fuel cells offer access to a new technology that can offer some advantages, especially to
reduce the amount of harmful GHG emissions. However, the transition to the hydrogen
economy involves some challenges.
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3.4

Fuel Cell Energy Systems Application Challenges

3.4.1 Commercial Development and Uptake
Fuel cells are still alien technologies. Unlike other “spin-off” technologies, which have
been developed right after they were used in space missions, fuel cells did not develop
further. Despite the proven advantages of high efficiency and low emissions, fuel cells
have not yet been commercially successful (Perry and Fuller, 2002). According to Ravn
Neilsen and Prag (2017), introducing fuel cells to market via utilities had been very
difficult because of less funding.
Although, according to Ammermann et al. (2015), the residential application of fuel cell
CHP is the most mature amongst stationary applications. While, according to other
research, energy system models excluded fuel cell technologies based on assumptions of
unverified viability of the technology. Specifically for heat decarbonisation, fuel cells
have not been identified in European studies (Dodds et al., 2015). However, fuel cell and
hydrogen technologies are in the early stages of commercialisation. They face intense
competition with other established technologies in the UK such as condensing gas boilers,
biomass boilers, engine-based CHP, electric and gas-engine heat pumps, solar water
heating and district heating via heat networks (Dodds et al., 2014; IEA, 2015b). The
small-scale commercial market in the 1kW to the 25kW range has not yet developed
(Battelle Memorial Institute, 2017).
Globally, mainstream products are emerging. Fuel cells now heat 225 000 homes,
creating a step-change from the situation of five years ago (Staffell et al., 2019a). Fuel
cells were used as an educational tool in a project such as Levenmouth Community
Energy Project in Fife, Scotland demonstrated by Bright Green Hydrogen Ltd. The
project directly explains the operating mechanism. Visiting delegations from schools,
universities, businesses and industries are invited to learn about this project. The team
provides information on hydrogen, renewable energies and site facilities. This project has
had a greater impact on the team that participated in the project as well as the local
community where they were affected by the main structure of the wind turbine. This
project is one of the few projects in Britain in this area (Bright Green Hydrogen Ltd, n.d.).
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However, in the UK, the BlueGEN system is the only locally available fuel cell product
(Solid Power, 2016), and fuel cells have not yet significantly penetrated the energy
market (Wang, Wang and Fan, 2018). Currently there is only one active operating in fuel
cell CHP in the UK. The UK lacks large industrial fuel cell companies such as GE,
Siemens, Samsung and Panasonic. Although the UK has been rated as having a high level
of public research and development that is comparable to most competitor countries, the
adoption of fuel cells is very slow. It is difficult to access funding for the fuel cells
demonstration, particularly for heating (Dodds et al., 2014). The typical domestic
consumption values for gas and electricity are shown in Table 3. The consumption shown
for an average medium-size house is between 3,100 kWh (medium) to 4,200 kWh (High)
for electricity and 12,000 kWh for gas. A total of around 16,000 kWh per year (ofgem,
n.d.-b).
Table 3 Typical Domestic Consumption Values for the Annual Gas and Electricity
Usage in the UK, (ofgem, n.d.-b)
TDCVs
Gas

Electricity: Profile Class 1

Electricity: Profile Class 2

kWh
Low
Medium
High
Low
Medium
High
Low
Medium
High

8,000
12,000
17,000
1,900
3,100
4,600
2,500
4,200
7,100

According to the BlueGEN energy system specification (as the only locally available
product), the maximum energy output is 13,000 kWh of electricity and about 5,200 kWh
of thermal energy per year (Solid Power, 2016). The demand for hot water and heating
varies throughout the year according to seasons. The average household heat demand is
between 60 and 80 kWh per day during winter, as shown in Figure 10. However, the
maximum energy output for the BlueGEN unit is 1.5 kW (36 kWh per day) electrical and
0.54 kW (14.4 kWh per day) thermal. Therefore, the current model does not meet the
overall demand for energy for the average British family. BlueGEN is designed to work
continuously (Solid Power, 2016).
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Figure 10 Household Heat Demand Variation over an Average Year, Source: (Dodds et
al., 2014), Based on (Staffell, 2010)
There are several suggestions in the literature about the development of the commercial
market of fuel cell CHP, driving the uptake. It is suggested that further research and
development on improving the design and performance of PEMFC systems before market
integration is necessary (Löbberding and Madlener, 2019). While the commercial
readiness of fuel cell is confirmed based on the study of ene.field project (European-wide
field trials for residential fuel cell CHP), the life cycle cost analysis (LCC) concluded that
volume manufacture encouraged by subsidies can drive the uptake of fuel cell CHP in
the near-term (Ravn Nielsen and Prag, 2017).
Moreover, Von Geibler et al. (2018) in their study to determine the acceleration of the
diffusion of the fuel cell CHP, one proposal was about the promotion of fuel cell as an
innovative product helps reduce carbon dioxide emissions. Furthermore, the successful
experience of fuel cell CHP in Japan and South Korea led research activities towards fuel
cell on a large scale. Europe including the UK is still in the early stages of the
development and uptake of the fuel cell CHP market. For this reason, learning lessons
from Japan’s experience are essential. Also, It is suggested that running costs and ease of
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use of fuel cells need to be improved for a better uptake (Ravn Nielsen and Prag, 2017).
Besides, Perkmann et al. (2013) argue that the partnership between academia and industry
is necessary to reduce the risk of failure. Beckers, van Doorn and Verhoef (2018)
mentioned that in a competitive market, firms act in a more customer-oriented manner.
Hobman and Ashworth (2013) emphasise that public support changes dramatically when
information is provided on the cost of generation and emissions of energy technologies.
Therefore, this research aims to evaluate fuel cell CHP to add to the debate about the
potential and possible developments of fuel cell CHP.
3.4.2 Cost
Fuel cell combined heat and power systems are currently expensive, but costs have halved
in the last six years (Staffell et al., 2019a). A breakdown of the costs by Dodds et al.
(2014) showed that the high capital cost of fuel cell CHP is partially offset by lower fuel
consumption. Figure 11 presents a breakdown of the annual energy bills for an average
UK house. The model used the UK’s 2013 average demand for electricity and gas: 3,300
kWh and 15,000 kWh. It also adopted the Japanese fuel cell system, comprising a 1 kW
PEMFC, as per EneFarm fuel cell specifications, and a condensing boiler. The model is
based on the FiT on the time of the analysis of 4.6 p/kWh for gas and 14.9 p/kWh for
electricity. Export of excess electricity rate is 4.77 p/kWh. The outcome of this
application showed that grid electricity purchases reduced while gas consumption was
increased. The overall annual revenues were expected to be around £780 per year,
reducing energy bill by two-thirds in the explained policy climate of FiT. It was also
anticipated that the Japanese fuel cells work better in the UK’s weather conditions and
demand patterns.
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Figure 11 Annual Energy Bill Savings for an Average British House with Gas-Fuelled
PEMFC CHP (Dodds et al., 2014)
Considering BlueGEN performance data, the energy generated in BlueGEN is consumed
locally to meet local needs. The excess energy can be fed back to the national grid. when
the local demand is below the maximum energy output. However, the difference between
the energy production incentive (FiT) rate (14.52 p/kWh produced) and the export to the
grid rate (5.24 p/kWh) is significant. This makes fuel cell CHP systems more efficient
when consuming the maximum of the locally produced energy.
However, prices are expected to get cheaper as volume grows in the future, as happened
in Japan and South Korea, where prices dropped by 85% in a decade as represented in
Figure 12. Learning rates indicate lower unit costs with increased experience (McDonald
and Schrattenholzer, 2001). They are further explained in Section 3.6. As shown in Figure
12, learning rates of fuel cell CHP installed in the EneFarm project were estimated
between 19 to 13%. In specific, it is believed that the barrier to the acceptance of fuel
cells is the unexpected repair and maintenance costs. Besides, to date, all installed fuel
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cells in the United States benefited from government subsidies (Wang, Wang and Fan,
2018).

Figure 12 Japanese and South Korean Prices of Gas-Fuelled CHP PEMFC (Dodds et
al., 2014)
The cost of maintenance is still very high compared to conventional systems, as
demonstrated by the ene.field demonstration project, which can be reduced by the volume
of manufacturing (Ravn Nielsen and Prag, 2017). Also, the cost analysis of Battelle
Memorial Institute (2017) suggested that SOFC system cost volume trends would be as
shown in Figure 13. The results show a lower net cost of the system when increasing
manufacturing volume. The cost is half with increasing the volume of production starting
from 1000 units per year and above.
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Figure 13 SOFC System Cost-Volume Trends (Battelle Memorial Institute, 2017)
The fuel cell application of 1 kW is the most expensive as shown in Figure 14. However,
when reaching 10,000 units/year manufacturing volume. The cost is around $7,000
(about £5,350). In comparison, according to British Gas (2019), the cost of installing a
new gas boiler is £2,937, making the difference in the capital cost is about £2,413 more
for 1 kW fuel cell CHP.

Figure 14 Fuel Cell CHP (Heat and Electricity) Cost of Energy Delivered (Battelle
Memorial Institute, 2017)
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The trend of developing the commercial market for fuel cell CHP can be similar to other
successful technologies in the UK. For example, the cost of photovoltaic solar power
(Solar PV) has declined and continues to decline as manufacturing becomes more
efficient (as explained in Section 3.6 about learning rates). Fuel cell CHP learning rates
were between 19 to 13% in the period 2004 to 2013 (Dodds et al., 2014). The solar PV
learning rate was estimated as 35 in the period 1985-1995 in EU (Wene, 2000).
Dodds et al. (2014) made some suggestions to reduce the cost of fuel cell CHP by making
adjustments to the design of the cell and the system as a whole, as well as through the
cooperation of manufacturers in research and production. Besides, serious work must be
done to improve the design and performance of fuel cells systems before their market
integration to improve performance and lower prices (Löbberding and Madlener, 2019).
Moreover, the learnt lessons from previous projects can provide valuable information to
support the uptake of fuel cell CHP in the UK and Europe in general. For example, the
US Office of Energy Efficiency and Renewable Energy (EERE) (2017) announced their
partnership with its Japanese Counterpart to accelerate advances in hydrogen and fuel
cell technologies. This includes data sharing to guide future research and enable the
secure deployment of fuel cells in the United States.
An example of efforts to reduce costs at the end of the life of the package (about 10 years
or less), recycling can be carried out by extracting up to 95% of the precious metals used
in the manufacture of the fuel cell package. Most other components of the stack can be
recycled in an ordinary form. Fuel cells recycling can provide end-users up to 30% of the
cost of purchasing a new fuel cell stack (Ballard, 2017). In addition, Staffell and Green
(2013) found that $3000–5000 for 1–2 kW energy systems are a realistic long-term goal
for a possible energy system option to be adopted. Therefore, working on reducing the
costs of the fuel cell CHP systems continues with more development work going on.
3.4.3 Complexity
Green hydrogen is the type of hydrogen obtained with the use of several renewable
sources including several technologies (Gahleitner, 2013), but these hybrid systems have
a complex design and a mix of challenges associated with each of the technologies
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(Wang, Wang and Fan, 2018). Evaluations are referred to in several sources that recently
take place on all domains and levels of applications (Argumosa, Chacon and Schoenung,
2010; Gahleitner, 2013; Valerde et al., 2013). They are only mentioned here as a longterm target for the deployment of fuel cells. Moreover, because the output power voltage
is low, an interface device is needed between fuel cells and load to maintain a constant
output voltage compatible with other devices that have higher voltages, making it a more
complicated system (Ali and Salman, 2006).
3.5

Fuel Cell CHP versus Other Co-generation Energy Systems

Fuel cells can play an important role in conserving energy and reducing emissions in
traditional systems. Internal combustion engines are inefficient but the efficiency of fuel
cells can be twice that of the internal combustion engines and boilers (Wang, Wang and
Fan, 2018). Moreover, fuel cell CHP systems have higher electrical efficiency and lower
emissions than other CHPs (Staffell et al., 2019a). In addition, a life cycle assessment
(LCA) of fuel cell CHP showed that they had a better environmental performance in all
the analysed use‐cases than other competing technologies such as heat pumps and gas
condensing boilers (Nielsen et al., 2019a). Moreover, fuel cells, like all hydrogen
technologies, have the ability to store energy to be used when needed, giving flexibility
and added value to balance supply and demand (Díaz-González et al., 2012)
Conventional boiler systems are widely demonstrated and have low cost but they depend
on electricity grid and have high emissions. Alternative new energy technologies can be
classified as combined heat and power (CHP) technologies, low carbon heating
technologies, and renewables technologies. A list of the available co-generation
technologies that can be used on a residential scale is provided in Table 4. Fuel cells are
mainly useful for decarbonisation but they still depend on natural gas and are expensive.
Generating renewable power from sun and wind has zero running costs and emissions.
However, energy output is low and there is a need for an auxiliary system (Staffell, 2010).
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Table 4 Pros and Cons of the Available Co-generation Energy Technologies, (Staffell,
2010)

Compared to other systems, the efficiencies attained by fuel cells are higher and can reach
up to 80% with heat recovery (Carrette, Friedrich and Stimming, 2000). Field trials were
carried out by the Carbon Trust to investigate the performance of the available CHP
technologies. Although the field trials did not include fuel cells because they were not
commercially available, the report recommended their use based on their advantages over
other technologies. In future, fuel cell CHP systems may offer higher carbon savings in
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both domestic and small commercial applications due to their higher ratios of electricity
to heat than heat pumps and Stirling engines (CarbonTrust, 2011).
3.6

Product Life Cycle

In previous studies, experts portrayed the “product life cycle” that embodies how many
technological industries develop. Klepper (1997) described the process of innovation in
the technological industries in three stages constituting the product life cycle as shown in
Figure 15.

Initial Exploratory
Stage
•Market volume
is low
•Uncertainty is
high
•Technology
design is
primitive
•Innovation
competition is
intense
•Manufacturing
machinery is
unspecialised

Intermediate
Growth Stage
•Output growth
is high
•Technology
design begins
to stabilise
•Product
innovation
declines
•A shakeout of
production
occurs

The Mature Stage
•Slowing down
of output
growth
•Market shares
stabilise
•Innovations are
less important
•Manufacturing,
marketing and
management of
technology are
more refined

Figure 15 Product Life Cycle of Technological Industries Evolution, Based on
(Klepper, 1997)
Fuel cell CHP are an alternative to conventional internal combustion engine systems and
main development activities of stationary fuel cell applications in progress. However,
fuel cell systems in the buildings sector are in the early market introduction stage which
corresponds to the initial exploratory stage, as explained in Figure 15, where market
volume is low and technology design is primitive (IEA, Dodds et al., 2014; 2015b).
However, the number of worldwide installations has steadily increased following the
deployment of fuel cell CHP, especially in Asia. PEMFC installations have grown rapidly
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because of their widespread use in stationary applications, as well as in transport and
portable applications. While in the UK, less than 2 MW of stationary applications are
already installed (Fuel Cell Today, 2013). According to Delta-ee (2016), 15% of global
fuel cell CHP sales are in Europe, almost all the rest are in Japan as shown in Figure 16.

Figure 16 Worldwide Fuel Cell CHP Sales (Delta-ee,2016)
Strict legislation on pollution in Japan was introduced after inversion problems in the
atmosphere (Blomen and Mugerwa, 2013). As a result, a major increase in the penetration
of fuel cell CHP energy systems into the Japanese energy production market took place.
The Japanese government has declared that “Japan took an early lead on the path toward
a society that uses hydrogen as a major source of power” (Tomodachi, 2016). However,
in Europe, fuel cell CHP systems are still in the demonstration phase of development
(Initial Exploratory Stage - See Figure 15). In Europe, around 1,000 units have been
tested in the years 2012-2017 and more 2,500 units will be installed in the following 5
years under the EU funded program PACE (Nielsen et al., 2019a)
The local supply chain can play a major role in supporting installations. Significant
growth in installation shares is seen in Japan, the US and Germany due to having major
industrial firms like GE, Siemens, Samsung and Panasonic. Demonstration projects are
critical to building a commercial market but they need to be financially supported. Skills
are not seen as a major problem for future development (Dodds et al., 2014).
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The product life cycle of most technological industries follows the S-curve for
generalised technological development, shown in Figure 17 (Allen, Hammond and
McManus, 2008). As depicted, the cost of the technology tends to decrease as the volume
of the production increases, known as “technology-learning curve”. The increase of
competitiveness of the technology in the market synchronises with changes to energy
policies. According to McDonald and Schrattenholzer (2001), unit costs decrease by a
constant percentage, called the learning rate, for each doubling of experience.

Figure 17 The Product Life Cycle of Technological Industries (Allen, Hammond and
McManus, 2008)
Subsidies can strongly support the penetration of new energy systems. Similar to the
product life cycle described in Figure 17, and since the introduction of fuel cells in
Japanese buildings, 120,000 units have been installed. As shown in Figure 18, the fuel
cell unit price has fallen by more than 50%, and a learning rate of more than 15% has
been achieved (IEA, 2015b). According to Wang, Wang and Fan (2018), building
commercial markets to deploy fuel cells almost entirely depends on government support.
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Figure 18 Cumulative Sales of Fuel Cell CHP in Japan 2009-2014 (IEA, 2015b)
3.7

Summary

In summary, this chapter discussed the current state of fuel cell CHP technology. It
presented the key drivers and challenges incorporated with the uptake of fuel cell CHP,
contributing to objective four of this research: “To identify the key drivers and challenges
incorporated with the adoption of fuel cell CHP in the residential sector in the UK”. Fuel
cell CHP outperform traditional systems and other low-carbon energy systems because
of their high efficiency and energy storage capacity. However, fuel cell CHP are in the
early development of the market and require a lot of support. Therefore, this research
explores the opportunities for fuel cell CHP to prioritise the support required by
governments and other stakeholders. The next chapter considers previous work on
evaluating fuel cell CHP.
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Chapter 4. Previous Work on Evaluating Fuel Cell CHP
4.1

Introduction

In line with the increasing interest in fuel cell CHP in the search for new alternatives in
energy production, the assessment of fuel cells is of great value to understand their current
status and plan for the future. The previous chapters (two and three) presented a brief
overview of the current status of energy and fuel cell energy systems and provided the
basis for the research framework. Following a general introduction to the topic of
evaluation, this chapter presents the outcome of a detailed analysis of relevant literature
evaluating fuel cell CHP. This sets the context for this research on the empirical
evaluation of fuel cell CHP utilisation in the residential sector of the UK.
4.2

Evaluation Basics

Evaluation has been applied and defined in many ways. Patton (1990) explains evaluation
as the systematic collection and thoughtful analysis of data to generate useful findings.
Whereas, a more practical definition by Rubin and Babbie (2016) describes evaluation as
a tool that is used as evidence to what is effective. It validates the inferences made about
the effectiveness of interventions of programs and works in practice. Therefore, the focus
of evaluation is on the outcomes, the difference that these outcomes have made, and how
people benefited. In other words, to perform the correct actions at the correct time in
favour of beneficiaries, as shown in Figure 19.

Evaluation
• Weighing various
criteria

informs

Making decisions
• Prioritise efforts,
based on real,
measurable success

Figure 19 What is Evaluation?, (based on American Evaluation Association (2014))
Common types of evaluation are outlined by Posavac (2015) who states purposes of the
evaluation as, (i) to assess the needs of the program participants; (ii) to examine the
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process of meeting the needs of the program participants; (iii) to measure the outcomes
and impact of the function of a program; (iv) to integrate the needs, costs and the
outcomes. According to Magulova and Priceputu (2016), evaluation practice addresses
issues of causality of activities to results, it explores unintended results, it addresses the
why and why not questions by linking activities to the resources, it alerts the problems
and finally offers recommendations for improvement.
Conley-Tyler (2005) has provided a guideline for the decision-making process of
choosing between internal and external evaluators. External evaluation body is adopted
in this research. The preference for outsider knowledge can result in two important
factors, accountability regarding the use of grant funds and increased perceived
objectivity of the applied evaluation. The general evaluation plan adopted in this research
is described in Figure 20.

Focus:
Plan the Evaluation

Collect Data:
Implement the Evaluation
Plan

Analyse and interpret:
Draw conclusions

Report Results

Figure 20 Evaluation Process
4.3

Evaluation Models

Models of evaluation can help guide evaluators as they attempt to improve a system (the
unit of evaluation). They portray the evaluation process which is regarded as a system
based process. A general evaluation model, also called the “Logic Model”, is illustrated
in Figure 21. This approach follows the input-process-output model, which is backed by
decades of evaluation research. It is based on the theory explained by Bickman (1987),
Dick (1996) and Allen (1997). Such models are proposed to serve an instrumental
purpose at every stage of the evaluation to help in understanding the complexity by
depicting the entire process of a project, operation or program. As a result, rational
treatment can be suggested.
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Resources are the inputs devoted to the particular program. Outputs are what has been
produced as a result of applying this program. Outcomes are the effect or the change that
has been produced because of the program. Impacts are the long-term effect of the
program. The impact can be unpredictable, but overall, it is what has been hoped for
(McLaughlin and Jordan, 1999). In this research, the evaluation model is used as a guide
to the design and conduct of the evaluation of fuel cell CHP projects. This includes
formulating evaluation questions and collecting data which are explained in the following
chapter for the three distinct methods used in this research. It is then used to display the
results (the outcome) of this research as in Chapter 6, especially for case studies projects.
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Figure 21 A General Evaluation (Logic) Model, based on (Bickman, 1987; Dick, 1996; Allen, 1997)

4.4

Analysis of Evaluation

The analysis of the data collected in the course of the evaluation process helps to achieve
pre-determined evaluation goals. Evaluation goals correspond to the research aim and
objectives set in Section 1.3. The ultimate goal is to learn what measures are needed to
make fuel cell CHP applications more effective by providing recommendations that cover
the needs of end-users. Shadish et al. (1991) underline that evaluation is a problemsolving process used to know the world around us better and consequently carry out more
informed actions. Therefore, the results of the evaluation can be leveraged to shape
industry practices which are continuously evolving.
Inductive analysis of qualitative data allows research findings to emerge from the data.
The process starts with collecting the raw data followed by a reduction of the data into a
summarised format and finally developing a framework that describes the evident
processes and experiences in the raw data. Deductive analysis is concomitant with the
test of prior assumptions or theories that are identified by the evaluators. All of the above
is done consistently aligning with the research objectives which guide the evaluation
process (Thomas, 2006). Hence, the inductive analysis allows evaluators to consider
other unanticipated or unplanned outcomes in their evaluation process. However, priority
judgement is primarily made by the evaluators themselves.
4.5

The Evaluation of Fuel Cell CHP

There is no single approach to the integration of hydrogen energy systems. But, before
the integration takes place, many factors need to be considered in the assessment of such
systems. Ali and Salman (2006) asserted that the far more developed carbon-based
economy cannot be changed until hydrogen technologies prove their sufficiency. To find
the most suitable solution in finding alternative energy technologies, many studies have
emphasised the need for advancing collaborative work of scientists, community and
energy producers (Marbán and Valdés-Solís, 2007). Not only in science and technology
but feasibility studies of a sustainable hydrogen economy, together with social
considerations, offer an appraisal of the steps to be taken on the energy system roadmapping (Edwards et al., 2008; Martin and Rice, 2012).
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Moreover, to reduce the risk associated with innovation opportunities, the uncertainties
about technological, future government regulations or potential environmental or social
issues need to be resolved (Technology Strategy Board (TSB), 2013). Another point of
view is that fuel cells need to prove their capability to contribute to the UK energy market.
Fuel cell appliances need to be installed and operated and then, only if consumers are
satisfied, can a wider conversion programme be adapted to produce green hydrogen
locally or through the existing gas network (Dodds et al., 2014).
It is necessary to adopt fuel cell energy systems in local projects to obtain insights from
local sources that can be applied in this context. For example, ene.field European project
for the installation of 1000 residential fuel cell CHP units confirmed that the technology
is ready to be adopted in Europe but other measures such as cost reduction should be
considered to further advance the adoption of fuel cell energy systems (Ravn Nielsen and
Prag, 2017). Thus, the rationale behind the changes in the energy generation market needs
to be evident. Therefore, previous research studies have been reviewed to identify the
knowledge gaps concerning fuel cell CHP evaluation studies. Key messages and the main
themes of previous fuel cell CHP R&D are explored in Section 4.5.1. The areas that
involve issues to be addressed are identified in Section 4.6.
4.5.1 Previous Research on Fuel Cell Energy Systems
A comprehensive review was made to link local and global developments in research on
fuel cell energy systems. The following research features and key messages emerged
from a review of previous research studies. Activities in the developments of fuel cell
energy systems are at their highest level ever (Staffell and Green, 2013). Even in Japan,
which is currently considered as having an established market, researchers are still
looking seeking solutions (Ren and Gao, 2010; Tomodachi, 2016).
Most of the studies evaluated natural gas-fuelled systems. Some others included hybrid
renewable fuel cell energy systems, best suited for district or decentralised energy
generation mode. But, they have been included as they add to the overall evaluation and
understanding of the system for their future adoption (Zoulias and Lymberopoulos, 2007;
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Dursun and Kilic, 2012; Tzamalis et al., 2013; Steinberger-Wilckens et al., 2017; Staffell
et al., 2019a).
Major research activities are on stationary applications. Fuel cell CHP applications are
getting most of the attention after the successful experience in the domestic sector in
Japan and South Korea, especially in decentralised systems which could improve the
resilience of the energy system (Delta-ee, 2016; Staffell et al., 2019a). Besides, each fuel
cell type has different applications. For the domestic sector application, PEMFC and
SOFC types are the most convenient. Whilst PEMFC has been most commonly used with
a stronger research focus (Ali and Salman, 2006; Barelli et al., 2012; Liso et al., 2015),
the only locally available brand in the UK is SOFC type (Solid Power, 2016). Moreover,
most of the research activities have been carried out in Europe. However, some studies
assert that the results of these studies could be applied to the UK context and fuel cell
energy systems would perform better in the UK with the higher demand needed (Dodds
et al., 2014; Delta-ee, 2015).
4.5.2 R&D in Fuel Cell CHP in the UK, 2009-2019
A specific search on the Google Scholar platform was done in this research to map out
the fuel cell CHP R&D advancement pattern in the UK and gaps identified in previous
research. The search was done in July 2019 for academic research dealing with fuel cell
CHP in the years (2009-2019). The analysis of 417 academic papers revealed the results
shown in Tables 5-10 and Figures 22 and 23. The full list of papers is attached in
Appendix (A).
Papers were coded into single or multiple categories following the review of the title and
abstract of each paper. Keywords were categorised according to six main themes
(research domains): Technical; Strategic Planning and Policy; Economic and
Commercial, Review; Environmental; and Social. Each theme underlines topics related
to the keywords extracted from the papers according to their relevance. The results are
presented in Tables 5-10. The main focus of the analysis was to identify the gap in the
domains of evaluation. Therefore, the frequency of keywords was not considered in the
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analysis and was listed according to the main list of papers in Appendix (A) without
particular order.
Table 5 Technical Fuel Cell CHP Research Keywords Analysis
Fuel cell types
Capacity
Fuelling process

Numerical assessment
Prediction
Network

Programming
Fuel
Principles

Technical
Challenges
H2 Safety
Performance
Optimal Sizing
Management System
Materials
Modelling
Capacity
Optimisation
Analysis
Design
Operation
Consumption
Production
Generation
Efficiency

Mathematical
programming
Viability
Energy value
Power
Demand
Process
Calibration
Validation
Simulation
Conversion
Engineering
Structure
Thermal management
Components
Output
Test

Applications
Computational analysis
Finite element analysis
Control
Load profile
Persistence
Thermodynamic analysis
Impact on losses
Experimental Study
Safety
Scheduling
Flow
Load time-shifting
Algorithms
Storage
Sizing

Table 6 Strategic Planning and Policy Fuel Cell CHP Research Keywords Analysis
Planning
Policy
Approach
Opportunities
Support schemes
Futures
Sustainable future

Sustainability
Transition
Accelerated Diffusion
Perspective
Integration
Success
Failure

Scenario
Roadmap
Role
Analysis of synergies
Flexibility
Evaluation
Framework

Table 7 Economic and Commercial Fuel Cell CHP Research Keywords Analysis
LCC
ROI
Market

Commodity
Economics
Support

Retail
Competition
Economic benefits
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Commercial
Savings
Costs
Feasibility
Economic
assessment
Price
Taxation

Exergoeconomic
Diffusion
Business
Integration

Value
Economic optimization
Financial analysis
Feed-in Tariff

Analysis
Investment
Hydrogen economy

Competitiveness
Profit allocation analysis
Supply chain

Table 8 Review Fuel Cell CHP Research Keywords Analysis
Concepts
Academic research
Fuel cells versus
Conventional
systems
Fundamentals
Applications

Prospect
Challenges

Comparison
R&D

Flexibility
Innovation
Evaluation

Lessons
Best practice

Table 9 Environmental Fuel Cell CHP Research Keywords Analysis
Emissions
low-carbon scenario
low emissions

Net-zero
Hydrogen economy
Life cycle assessment

Environmental benefits
Clean
Renewable

Table 10 Social Fuel Cell CHP Research Keywords Analysis
Public awareness
Perceptions
Motivations
Barriers
Believes
Behaviour

Adoption
Socio
Attitudes
Acceptance
Views
Consumers

Preferences
Willingness to adopt
Interest
Opinions
Willingness to pay extra
End-users

Figure 21 shows the pattern of R&D advancement in the years 2009-2019. This can
affirm findings of Stockford et al. (2015) that the UK scientific research base in fuel cells
spurred on by the lunch of the Hydrogen and Fuel Cell (H2FC) SUPERGEN Hub. The
H2FC Hub was launched in 2012 with around 100-based UK academics.
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Figure 22 Fuel Cell CHP R&D Advancement Pattern in the UK, 2009-2019
Focus of Previous Research
As shown in Figure 23, most of the research conducted on fuel cell CHP in the UK
focuses on technology development with about 57% of the papers covering this area. This
includes reviewing, designing, simulating and analysing different aspects of fuel cell
design, material, efficiency, performance and demand, etc., as shown in Table 5. Strategic
planning and policy, economic and commercial analysis and review studies accounted
for just over 20% of the papers on fuel cell energy systems covering the research topics
outlined in Tables 6-8. Social research accounted for only 3% of the papers. The counts
of papers as classified in Appendix (A) were used to generate the percentages as presented
in Figure 23.

58 | P a g e

Social

3%

Environmental

11%

Review

21%

Economic and Commercial

21%

Strategic Planning and Policy

26%

Technical

57%
0%

10%

20%

30%

40%

50%

60%

70%

Figure 23 Fuel Cell CHP R&D Domains in the UK, 2009-2019
The Deficiency in Previous Research
Previous evaluations indicate the deficiency in the social evaluation dimension of fuel
cell CHP energy systems, specifically from the end-user point of view. Most of the
previous research studies consider the evaluation of CHP energy technologies as a whole.
A distinction to consider specific characteristics of fuel cell technologies is required.
Moreover, capital costs were found to be the major barrier in all previous research but no
previous research assessed the willingness-to-pay extra amount. Such information is vital
in designing adoption strategies for fuel cell energy systems as emerging technologies.
Butler et al. (2015) argue that public acceptability represents an indeterminate form of
uncertainty for energy system change. They also ascertain that new approaches to
decision-making are prerequisite for tackling uncertainty about acceptability.
It is believed that the inclusion of the social dimension in planning a future energy scene
is necessary to avoid conflicts of interest. The public has a voice at this time, which
sometimes leads to big changes. For example, the Global Climate Campaign has been
active since 2001 in protest against Bush's rejection of the Kyoto Protocol. The campaign
then organised mass meetings and an annual climate march in the UK. On March 7, 2015,
20,000 people demonstrated on the streets of London to demand investment in renewable
energy sources, apply efficiency measures on all old and new buildings, and invest in
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infrastructure to create one million climate jobs (Campaign against Climate Change
(CAMPAIGNCC), n.d.).
Cost is not the only Barrier
Wang, Wang and Fan (2018) added that fuel cells are very likely to contribute to
sustainable economic growth. However, a change of priorities in the evaluation is
necessary to be considered in the development of the technology taking into account that
costs are not the major barrier. The breakthrough of fuel cells in the market has not yet
been achieved. End-user acceptance may be the golden criterion for the highest
technology readiness level.
The three most important motivations reported by Balcombe, Rigby and Azapagic (2014)
for the adoption of CHP energy systems were: saving or monetary gain from the
installation; the increase of household independence; and the protection against future
energy costs. The decision to adopt was dominated by financial barriers such as the high
capital costs, and facing the risk of losing money when moving home. The difficulty of
finding reliable information about the system was also considered important by the
system adopters.
4.6

Priorities for Future Research

Considering the above mentioned about the evaluation of fuel cell CHP, the literature
review conveyed clear messages of the importance to determine the drivers and
challenges connected with the adoption of new low-carbon energy systems in general and
fuel cells in specific. It also stresses the need to solicit public input from stakeholders.
Priorities are highlighted in this section.
Collaborative Work in Developing Technological Innovations
Bevan and Lu (2012) asserted that low and zero-carbon technologies are considered as a
key solution to achieve zero-carbon new homes starting from 2016 in the UK. It was
suggested that there is an urgent need for completing the leap of faith picture by bringing
together the technical and economic efficiencies and the institutional logics and beliefs
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in finding such solutions. This thesis explores the motives behind focusing on fuel cells
as a home energy system and the obstacles to their adoption to date, as in objective four
of this research. Moreover, in the pursuit of completing the picture of evaluating fuel cell
energy systems, the aspects that have been considered to a limited extent in previous
evaluations, such as social aspects, are investigated in this research in addressing
objectives two and three.
Social Acceptance
Sauter and Watson (2007) emphasised the need for more active social acceptance of CHP
technologies. The replacement of conventional boiler systems with CHP systems
alongside social acceptance is unavoidably linked to the attitudes and expectations of
households and companies about the existing domestic heating systems. In the future,
surveys can be made to check self-reported behaviour before and after the CHP system
installation. Social acceptance is measured in this research for potential end-users, as in
objective two, and for current end-users, as in objective three. In addition, it is assumed
that the development of fuel cell CHP is considerably determined by social-acceptance
issues (von Wirth, Gislason and Seidl, 2018). Research on social acceptance of energy
technologies “has blossomed over the last decade”, Devine-Wright et al. (2017) noted.
Moreover, “To date, research on energy hubs has failed to examine questions of social
acceptance”, Wirth et. la (2018) added.
The acceptance of energy technology seems to have a high priority in the evaluation of
new energy systems in general. The literature extensively provided research on the
theoretical framework to be used in the evaluation process. Debates on the factors to be
included in such theoretical frameworks is still going on. More details on this are
mentioned in Section 4.8.
Public Policy Making
The Committee on Climate Change notes that decarbonising the UK energy system
depends on government support. The government must develop a low-carbon heat
strategy within the next three years. However, public engagement is critical to the current
process of changing energy systems: “There is limited time to raise public awareness of
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the need to move away from natural gas heating, but public input is needed on these
important choices and as hydrogen deployment could differ across the UK (CCC, 2018a).
This research looked at public participation regarding energy and technology plans that
could help in reform current policies. Gauging end-users” perspectives and evaluating
the performance-in-use in objectives two and three of this research inform such policies.
For example, by measuring the willingness-to-pay by potential end-users and the
satisfaction on financial support by the current end-users.
Assessing Fuel Cells Maturity Level
Wang, Wang and Fan (2018) added that the increase of the maturity level of a particular
technology is associated with the increase of its competitiveness and readiness levels.
Therefore, the assessment of technology readiness level (TRL) can provide an
understanding of the technology status in the whole innovation chain. Fuel cells have no
clear TRL because fuel cell products exist at different TRLs, from fundamental research
to commercial availability. Based on the above and examining the knowledge gaps, the
literature possesses a necessity to assess the success and failure of fuel cell CHP projects
based on the experience of stakeholders in previous projects and the potential for success
based on the expectations of end-users. In addition, it is necessary to consider specific
aspects of fuel cell CHP in the evaluation process, as they are used in the design of the
public survey in Section 5.4. The synthesis of the findings of this research is used to
provide recommendations on the adoption of fuel cell CHP in pursuit of objective five of
this research by learning from past experiences and based on end-users’ needs.
4.7

Stakeholders

A philosophical analysis by Wolf (2016) argues that a meaningful individual life can be
fulfilled when individuals actively and continuously engage with a project(s) and/or
program(s) of positive values. The group of people who have a vested interest in a project
and those who influence the overall process are called stakeholders (Fageha et al., 2016).
They have the power to make projects fail or succeed (Mermet, 1991). Campbell (1997)
asserts that understanding stakeholders’ needs and winning the loyalty of important
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groups are fundamental to make money in businesses. Whereas, it can be challenging to
clearly state what the stakeholders’ expectations are out of any project or program.
Previous sections emphasised the need to investigate social acceptance in the evaluation
of fuel cell CHP. In addition, as mentioned in Section 1.2, the UK government is keen to
engage stakeholders and put them at the heart of the decision-making. However, social
acceptance of energy implementation, according to Wüstenhagen et al. (2007) has three
dimensions: socio-political acceptance; community acceptance; and market acceptance.
Huijts et al. (Huijts et al., 2012) describe the public acceptance in three types: 1-sociopolitical acceptance, concerning public behaviour in response to national or international
policymaking; 2- citizen acceptance, concerning acceptance in response to the use of
technology by others; and 3- consumer acceptance, concerning the reaction in response
to the availability of the technology in the market.
Engaging end-users can create practical tools that can contribute to project development.
This research distinguishes between “potential end-users”, who have a positive attitude
towards fuel cell CHP (participants of the public survey) and “actual end-users”, who
have a positive behaviour in adopting fuel cell CHP (participants of the case studies).
However, it is argued that public surveys provide limited information on the risks and
benefits of emerging technologies (Stephens, Wilson and Peterson, 2008). Therefore, the
perspectives of professionals are considered in this research. It is believed to add a
substantial contribution to road-mapping new energy systems. The views of both groups
of stakeholders can be compared, providing richness in the general discussion of ideas as
in Chapter 7. This brings the views of many parties closer to the greater success of
projects. This includes the use of different research methods as explained in Chapter 5.
4.8

Theoretical Frameworks for Technology Adoption

The focus of this section is on debates surrounding the frameworks used in previous
research to explain technology adoption motives in a technology change. The purpose of
this section is to assess the applicability of theoretical approaches in achieving the aim
and objectives of this research. As discussed previously in this chapter, previous work on
social acceptance and adoption of fuel cell CHP is limited. Therefore, findings in
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literature dealing with the adoption of other related energy technologies, such as solar
photovoltaics, heat pumps, biomass, etc. that are applicable on a residential scale are also
considered.
Based on a review paper by Huijts et. la (2012) about the terminologies have been used
in hydrogen acceptance empirical studies, the terms acceptance, perception, attitudes and
preferences were often used. Willingness to use, behaviour, opinion, belief, support and
opposition were also used. It was also noted that the terms “acceptability” and
“acceptance” have been used interchangeably. It is worth mentioning the differences
between these two terms as suggested by Schade and Schlag (2003). Acceptability is the
prospective judgment to the introduction of the technology in the future, also called
“attitude” towards the technology. While acceptance is the attitude after the technology
has been introduced, also called “behaviour” towards the technology. Therefore,
acceptability refers to the “intent to use” while acceptance refers to a formal decision to
the “actual use”.
4.8.1 Theoretical Frameworks and Models
Frames define problems, identify causes, perform moral interpretations, and suggest
actions (Entman, 1993). Previous theories and studies in this field have been reviewed
and based on that, the theories adopted in this research have been identified. As well as,
the motives that are adopted in the design of the research methods are presented, as
underlying assumptions, the adoption is based on. Following that, the adopted framework
is used as the theoretical basis for a "user acceptance testing" methodology and discussed
accordingly in the discussion of the findings of this research in Chapter 7. Ultimately,
understanding the factors that influence technology diffusion and the relations between
these factors can help in improving the design of the technology, the communication to
the public, and the implementation of the technology (Huijts, Molin and Steg, 2012).
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Consumer Choice Theory
Some researchers argue that the diffusion of energy technologies is mainly driven by
external factors, such as policies and incentives. Mainly because of the characteristics of
innovations of having high investment costs, long payback periods, and contributing
mainly to the environment and society, rather than to the individual adopter (Rao and
Kishore, 2010). Similarly, He et al. (2016) emphasised economic influences that explain
green technology and behaviour adoption backed by “Consumer Choice Theory”.
Therefore, these assumptions reject the personal interests of the adopters in innovation.
However, other studies assert that the diffusion of an innovation is context-specific –
dependent on several factors, including socio-economic, technological and institutional
factors (Narayanan, 2001). For example, it was found that the adoption of renewable
energy technologies is mainly driven by their environmental and energy-security
considerations as opposed to fossil fuel-based energy technologies (Rao and Kishore,
2010). Another study demonstrated that many tend to adopt an innovation such as
residential solar electricity without being environmentally concerned. Moreover, it is
shown that religious people tend to adopt solar technology because it offers care to God’s
planet without necessarily being advocators to any environmentalism movements
(Schelly, 2014).
Theory of Consumption Values
Sheth et al. (1991) in turn put forward three principles, backed by the “Theory of
Consumption Values”, that influence adoption behaviour. The theory explains adoption
choices as a function of multiple motives (consumption values) categorised across several
dimensions. One of its conditions is the assumption that categories are independent of
each other. However, it is difficult to differentiate or prioritise motives and independently
deal with them because of the nature of humans’ way of thinking. Rather, it is believed
that some links could exist between the several categories of motives. Some statistical
tests are used to examine the relationships between factors. For example, in Section 6.2.3,
an application of the Chi-Square Test is presented to test the significance of relationships
between age and adoption decision, income and adoption decision, etc.
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Theory of Reasoned Action and Theory of Planned Behaviour
The “Theory of Reasoned Action” (TRA) and the “Theory of Planned Behaviour” (TPB)
by Fishbein and Ajzen explain behavioural intentions. The model includes three main
cognitive components: attitudes; social norms; and intentions. This human behaviour is
assumed in the TRA model to be volitional, systematic and rational (Taherdoost, 2018).
The TRA tends to include linear, one-way flows, not accounting much on the dynamics
between the involved participants (stakeholders and others) (Fishbein and Ajzen, 1977).
The TRA aims to include volitional behaviours, excluding a wide range of behaviours
that are spontaneous, habitual, impulsive and other behaviours that do not include a
conscious decision act. It also does not account for behaviours that require special skills,
opportunities or resources. It relies merely on one’s behaviour intention (self-interested
goals) as the strongest predictor of behavioural intentions (Hale, Householder and
Greene, 2002).
Later on, Fishbein and Ajzen proposed the TPB, as an extension to the TRA, with one
additional variable of “perceived behavioural control”. For example, the case of an
individual wish to exercise, but with little or no chance to do so, is unlikely to exercise
regardless of his intention to do so (Andrew Smith and Biddle, 1999). However, the
model suggests that applicability of it is largely dependent on the accessibility of the
technology being assessed, assessing “actual use” only (Taherdoost, 2018). Moreover,
both TRA and TPB are built around the concept of correspondence, with which all
variables must be measured with a clearly defined behaviour target (Fishbein and Ajzen,
1977).
The concept of correspondence makes both theories impractical in the adoption of fuel
cell CHP. For example, fuel cell CHP cannot be compared to a standard system.
Currently, electricity is mainly supported by the grid and no known residential system
that can do a similar job and no other CHP system is well known to the public to refer to
it in the evaluation, even with a conventional boiler, as they do different jobs. Fuel cell
CHP is mainly for electricity production and a boiler is used to heat a space and provide
hot water.
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Systems-1 and 2, Thinking, fast and slow
In his book “Thinking, fast and slow”, Kahneman (2011) conceptualised the motives that
underlie decision-making by presenting two modes of human cognition, labelled System1 and System-2. System-1 is about the fast, automatic decisions that can be effortless
(called unconscious and automatic). System-1 produces a stable representation of the
world around us, in doing activities like walking, brushing teeth and playing tennis.
While, System-2 includes the decisions that need some effort to be made consciously,
performing deliberate actions (called rational). This applies when learning to do new
things, learn to drive, for example. Therefore, the decision-making process in System-2
is slow (Kahneman, Lovallo and Sibony, 2011). Kahneman’s framework often focuses
on a single document or even a particular choice by a single decision-maker. However,
the competition and heterogeneous embedded in energy discussions can make the effects
of the framework almost negligible (Kivimaa and Mickwitz, 2011). The adoption of new
technology involves weighing benefits, risks and other factors. Therefore, it is assumed
that individuals use System-2 in performing adoption behaviour.
Technology Adoption Model (TAM)
TAM by Davis (1985; 1989) is considered widely in previous studies to explain how
individuals accept the use of a technology (Venkatesh, Thong and Xu, 2012). TAM
considers two main aspects: 1- the “perceived usefulness” and 2- the “perceived ease of
use” as the primary factors in determining individuals’ adoption decisions of
technologies. TAM is useful in evaluating proposed new technology systems before
actually implementing them, involving system prototype for testing. TAM measures the
likelihood of user acceptance for the proposed new system in its “actual use” mode and
then measures the motivation of end-users to use the alternative system after direct use.
TAM “focuses specifically on the class of systems referred to as end-user systems,
defined here as systems that are directly used by organizational members at their
discretion to support their work activities”. Therefore, this approach can be applied to
case studies only, where case studies are considered as pilot projects and real installations
took place (Davis, 1985).
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Although TAM provided a significant advancement regarding technology acceptance,
however, it received intrinsic critiques about being too simple, lacking the recognition of
the context of use, the differences in work tasks, and the characteristics of interpersonal
cooperation (Salovaara and Tamminen, 2009). TAM has other limitations in fulfilling
emotional needs and ignoring social influence on the adoption of technology. Also, it
does not include external factors and is not applicable beyond the workplace (Taherdoost,
2018).
Despite these advances, developing an optimal model that can predict the behaviours
about adoption or rejection remains difficult. Further research needs to develop further
understanding of the factors affecting the adoption behaviour as well as the links between
the respective variables (He et al., 2016; Biswas, 2017). Schelly (2014) suggests the
importance of considering the social context of factors limiting and shaping drivers to
understand the adoption of innovative technologies, such as renewable energy
technologies, and other environmentally responsible behaviours of households.
This research seeks to include social influences, reflecting personal and external factors.
Therefore, Rogers’ approach of Diffusion of Innovations is discussed in more depth as it
was used frequently in technology adoption in the literature. Rogers’ diffusion of
innovations model is chosen as it focuses on classical explanations for technology use
(including economic and technical features) but also attempts to capture social aspects.
4.8.2 Diffusion of Innovations Theory by Everett M. Rogers
Rogers’ (1983) Diffusion of Innovations approach is described in this section. The
introduction of a new idea, even when it comes with obvious advantages, it is often very
difficult. In addition, the gap between the introduction and the adoption of innovation is
usually very lengthy. Therefore, Rogers introduced insights into how to speed up the
diffusion process. According to Rogers, diffusion is the process by which innovation is
communicated among a group of a social system over time. Communication itself is the
exchange of information between two or more individuals.
Rogers' theory is characterised by an awareness of the complex reality of social
behaviours. Communication is considered as a two-way process of exchange, rather than
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as a one-way, linear act of transforming information only. For example, the interaction
between an agent and a client is looked at in Rogers’ view as a cyclic interaction process.
While some other researchers argue that innovation’s diffusion is restricted to
spontaneous unplanned events, Rogers’ theory accounts for the planned and spontaneous
spread of ideas.
Another noticeable distinction in this theory is between the centralised diffusion system,
where a decision is through a small group such as officials or experts, and decentralised
diffusion system, where the spread of ideas is made horizontally among individuals as
the main mechanism. Rogers rejects the centralised system because it fails to capture the
complexity in which innovation’s diffusion originate from numerous sources via
horizontal networks (peer-networks).
In addition, Rogers urged to broaden the scope of diffusion research to cover the entire
process of innovation generation, starting from the recognition of a problem through
research, development, and commercialisation of the innovation, through diffusion and
adoption of the innovation by users, to its consequences (further explained in the
Innovation-Decision-Process Model). Which can be considered as scientific
investigations that are intended to solve practical problems. This aspect is believed to be
particularly suitable for the evaluation of fuel cell CHP as few (actual use) cases are
available. In this research, different research methods are used, including a survey,
interviews and case studies, to provide more depth to the understanding of the different
stages of the diffusion process.
Moreover, Rogers’ model extends beyond the actual adoption stage to include a further
step of “confirmation”, when adopters gain more knowledge about the innovation and rethink about continuing to adopt the innovation or to quit for some perceived reasons.
Therefore, the details proposed in this theory unlock the potential to better understand the
overall diffusion of the innovation process.
It is assumed in this theory that the newness of ideas is what characterises the diffusion,
where some degree of uncertainty is involved. However, the innovation embodies
information base which reduces uncertainty about cause-effect relationships. For
69 | P a g e

example, the ability of innovation to solve an individual’s perceived problems or needs.
When such information-seeking activities are performed, resulting in a reduced
uncertainty about the innovation's expected consequences, a decision about the adoption
or rejection of the innovation is made. Therefore, Rogers’ framework conceptualises the
diffusion of innovations based on information and uncertainty.
Rogers pointed out main issues that need to be considered in the research about diffusion
approaches, stressing an advancement in diffusion research. First, it is important to
explore how innovation has diffused. This is to be done during the diffusion process or
after the innovation has diffused. In-process diffusion research allows for exploring cases
of success as well as failure, avoiding pro-innovation bias. In addition, researchers must
acknowledge the rejection, discontinuous, and re-invention of innovation, and not
regarded as an invariant during its diffusion process. Moreover, the broader context of
the innovation has to be investigated, such as public policies and how innovation relates
to other innovations. The focus is also on innovativeness or individual knowledge of
innovations. The main elements and the stages of the diffusion process, as explained by
Rogers’ theory, are presented next.
i.

Main Elements in the Diffusion of Innovations

Diffusion is defined as the process by which an innovation is communicated over time
among the members of a social system. Therefore, the four main elements in the diffusion
of innovations are 1- Innovation; 2- Communication channel; 3- Time; and 4- Social
system.
1- Innovation
Innovation is the perceived newness of an idea (knowledge about the technology) to
an individual, regardless of the time of since its first use or discovery. A distinction
is made clear here between information and knowledge about an innovation.
Information, when introduced to individuals, is perceived by one as different from
another individual. It depends on the personality and the conditions of that particular
individual who gains knowledge.
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Innovation creates a kind of uncertainty to individuals about its consequences and
whether it is an advantageous option as compared to the more standard options. The
individual normally goes through an information-seeking activity to reduce
uncertainty. In that sense, Rogers distinguishes between two types of information: 1information that is embodied in the technology (e.g. what is the innovation? How it
works? etc.), and 2- innovation evaluation information about the expected
consequences as a result of the use of the innovation (e.g. What are the consequences?
What are its advantage and disadvantages? etc.).
It is of high importance not to consider all innovations are equivalent units of analysis.
Each innovation has special characteristics which explain their different rate of
adoption. The most important characteristics in explaining higher rates of adoption of
innovations as perceived by past research are 1- Relative advantage, which is the
perceived advantage in relation to its supersedes. It is mainly measured in terms of
economic, social-prestige factors, convenience, and satisfaction factors; 2Compatibility, which relates to the consistency with existing values and norms of a
social system; 3- Less complexity, which about the difficulty in understanding or
using the innovation; 4- Trialability, which the degree to which an innovation may be
tried on an instalment plan; and 5- Observability, which is about the easiness for
individuals to see the results, which allows for an exchange of information between
peers.
Therefore, a relative advantageous, compatible, less complex, triable and observable
innovation is seen as representing less uncertainty for individuals considering
adopting the innovation. Finally, innovations should not be considered as invariant
during their diffusion process.
2- Communication
The second element in diffusion is communication. Communication is the transfer of
ideas that occurs between two individuals. This includes “interpersonal
communication channels”, through face-to-face exchange and “mass media
channels”, such as television, newspapers, etc. Rogers puts some emphasis, based on
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previous research, that the evaluation of innovation by individuals is more based on
communicated experience than the scientific knowledge about its consequences.
It is noticed that individuals tend to communicate with other individuals who belong
to the same group, sharing similar personal or social characteristics (known as
“Homophilous”, and opposite to “Heterophilous”), are drawn by the same interests.
This case of homophily makes the connection very effective in terms of knowledge
gain and behaviour change. However, one of the distinct features of the participants
in the communication of innovation is heterophily. For example, a change agent, in
the change process of adopting innovation, is more technically competent to his
clients. This makes communication quite complex and difficult. At the same time,
when two individuals are completely identical, no diffusion can occur as no exchange
of new ideas takes place. Therefore, some heterophily is required to some extent to
create the diffusion.
3- Time
According to Rogers, the time element represents one of the strengths of diffusion
research. As said: “Time does not exist independently of events, but it is an aspect of
every activity”. Time consideration involves all innovation phases: (1) innovationdecision process, time from the first knowledge of innovation through its adoption or
rejection (explained in Section iii); (2) innovativeness of individuals, the relative
earliness/lateness of adopting an innovation; (3) innovation’s rate of adoption, the
number of adoptions in a given time. Time is considered in the innovation-decision
process in the sense that the five stages of the process (explained in Section iii) occur
in a sequence of time.
Innovativeness is the individual’s involvement and interest in the product category
of the innovation, which affects the intention to adopt (Arts, Frambach and Bijmolt,
2011). Time dimension appears in Rogers’ theory by classifying innovators by their
time earliness in the adoption of an innovation, driven mainly by the innovativeness
of an individual innovator. Accordingly, adopters are categorised into five types: 1innovators (Venturesome) (2.5%); 2- early adopters (Respectable) (13.5%); 3- early
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majority (Deliberate) (34%); 4- later majority (Sceptical) (34%); and 5- laggards
(Traditional) (16%).
The “Innovators” are individuals of a social system who are eager to try new ideas.
Their interest in the new technology leads them out of their peer networks.
Innovators have control of substantial financial resources that enables them to bear
possible risks of losses and they can understand and apply complex technical
knowledge. Innovators play a key role in the diffusion of new technology. The
“Early adopters”, in turn, are more integrated into their social system and they have
the greatest degree of opinion leadership. They are looked at as a source of
information and advice by potential adopters. This category is looked for by change
agents to influence broader adoption by others, creating a continuous adoption
process. They are respected by their peers. They take a role of decreasing uncertainty
of technology by adopting it, evaluating it, and then, communicating the message
about it through interpersonal networks. The “Early majority” provide
interconnectedness in the system's networks, being an important link in the diffusion
process. The adoption by “Late majority” maybe both an economic necessity and
the answer to an increasing network pressure. The “Laggards” tend to be suspicious
of innovations and change agents, acting in isolation of their social system and only
looking to the past.
To gather data about time dimension, Rogers suggests the use of field experiments as
well as the investigation of case studies, providing a “moving picture” of behaviour.
While, surveys give “snapshots” only, failing to illustrate the process aspect of the
diffusion. Therefore, case studies in this research are investigated, in an attempt to
explore the over-time aspect of the diffusion.
4- Social System
The members who engage to solve a problem to achieve a goal form a “social
system”. They are individuals, organisations, subsystems, etc. The social system
structure influences adoption in several ways. To understand this influence, there is a
need to understand the social norms, roles of opinion leaders and change agents, the
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types of innovation decisions, etc. Katz (1961) remarked that a diffusion study cannot
be implemented without some knowledge about the “social structure” of potential
adopters. They are like veins and arteries when studying blood circulation. Not only
the characteristics of individuals make up the system but also the “communication
structure” between them, between friends and neighbours, for example.
The “social norms” are the established patterns of behaviours for the members of a
social system. Norms are established on nation, organisation, local community levels.
In addition to the influence of social norms, certain individuals have a role in the
adoption process. “Opinion leaders” and “change agents” are identified as having the
most influential role among the members of a social system. Opinion leaders are the
individuals who have a high degree of influence on other individuals’ behaviour
within a system. They can encourage the adoption positively or oppose a change.
Opinion leadership is gained through technical competency and social accessibility
under social norms. They have a central role in influencing the diffusion. However,
when they deviate too much from the social norms, they can be used by change agents
and their role may be minimal as they lose their credibility.
While a change agent is an individual who works for a change agent to influence
customers’ attitudes. Change agents are professionals in the field, they are
“heterophilous” from their clients. However, when an aider is used because of a
manpower shortage of qualified individuals, aiders are usually more “homophilous”
with typical clients. The types of decisions that are made within a social system can
be 1- Optional, by a member or more of the social system without external influence;
2- Collective, made by consensus among the members of the social system; and 3Authority, by a member or more of the social system who relatively have some power.
It is expected that the fastest adoption rate is a result of authorities’ decisions. On the
other hand, optional decisions are normally faster processes than collective decisions.
ii.

Diffusion Pattern and Rate of Adoption

Rogers made several generalisations based on research evidence. The diffusion curve, as
presented by Rogers, follows an s-shaped curve based on the cumulative number of
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adopters over time on a frequency basis. This shape is preferred by Rogers on the bellshaped curve that shows the number of adopters each year. The shaded area on the scurve marks the “take-off” period of the diffusion which is shown to be between 20 to 30
percent adoption, as shown in Figure 24. The additional percentage of awarenessknowledge about the innovation in the social system results in a higher adoption rate,
especially after passing this threshold. Before this stage, there is no influence from
information and peers to drive the adoption. In addition, this threshold seems to occur
when opinion leaders start to favour innovation.

Figure 24 Rogers' S-curve of Adopters’ Distribution in the Diffusion Process (Rogers,
1983)
The rate of adoption is the number of individuals who adopt innovation in time. It is
mentioned above about the influence of innovation’s attributes on the rate of adoption.
Concerning the types of decisions made within a social system, an individual, optional
innovation-decision is expected in Rogers’ theory to be adopted more rapidly than the
75 | P a g e

adoption of the innovation by an organization. It is explained by the higher number of
people involved in the decision-making which, slows down the adoption rate.
Also, interaction among communication channels can influence faster or lower adoption.
For example, if a personal effort is put to gain knowledge about the innovation, the rate
of adoption will be slower, especially when the innovation is a complex one. There is
another consideration to the social system, by displaying a degree of interconnectedness
and the norms, for example. The last factor is the extent of change agents' promotion
efforts. For example, in the case of the adoption by opinion leaders, the overall adoption
is influenced, which usually occurs between 3 and 16 per cent adoption in most systems.
A paradigm of variables influencing the rate of adoption of innovations is shown in
Figure 25.
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I.1- Relative advantage

I.2- Compatibility
I- Perceived Attributes

I.3- Complexity
I.4- Triability
I.5- Observability

II.1- Optional
II- Type of InnovationDecision

Rate of Adoption
of Innovations

II.2- Collective
II.3- Authority

III- Communication
Channels

IV- Nature of the Social
System

V- Extent of Change
Agent's Promotional Offer

Figure 25 Paradigm of Variables Influencing the Rate of Adoption of Innovations,
Based on (Rogers, 1983)
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As an increasing proportion of a social system adopts the innovation, self-generated
network pressures toward adoption increase, which is called “diffusion effect”. For
example, when only 5% of individuals in a social system adopted the innovation, the
situation is different from when 70% have adopted it, and the influence on other
individuals is not the same. Therefore, the rate of knowledge about the innovation
influence adoption with the change in the communication environment between
individuals. The relationship is positive but not linear.
Consequences of the innovations are the changes that occur as a result of the adoption or
rejection of the innovation within a system or for individuals. The consequences can be:
1- Desirable or undesirable, the effects of the innovation are functional or dysfunctional
in the social system; 2- Direct or indirect, the changes to the members of the social system
are immediate response or second action; and 3- Anticipated or Unanticipated, the
changes are intended by the members of the social system or not.
iii.

Innovation Decision Process

Considering the above generalisation and explanation of influencing factors, the diffusion
of innovations is recognised in Rogers’ theory as a process consists of a series of actions
that occur over time. The process passes from the first knowledge of an individual about
the innovation to confirmation of the adoption decision. Rogers proposes an empiricalbased model, illustrating the stages of the diffusion process. This process incorporates
five main stages: 1- Knowledge, by the exposure to the innovation; 2- Persuasion, by
forming an attitude towards the innovation; 3- Decision, by choosing to adopt or reject
the innovation; 4- Implementation, by putting the innovation into use; 5- Confirmation,
by seeking supplemented information about the innovation. A model is conceptualised
accordingly to simply the stages of the process with its influencing factors and attributes
in Figure 26.
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Figure 26 Rogers' Model of Innovation Decision Process (Rogers, 1983)
1- Knowledge
The process begins with the knowledge stage when individuals are exposed to
innovation and start to gain some understanding of it. Some pre-existing conditions
prepare for this stage to commence, such as the needs of the individuals, the existence
of a problem or more, in addition to the existing social norms. The introduction of
innovation occurs through communication channels mainly. This stage may include
“selective exposure”, according to one’s needs and interests. In this case, the effect
of the innovation can be minimal when the individuals are selective in their
communication attitudes. However, perceived needs or problems are by no means the
starting point of the innovation-decision process. The 1. Socioeconomic
characteristics; 2. Personality characteristics; and 3. Communication characteristics
are the main influencing factors on the knowledge gain in this stage of the process.
According to Rogers, early knowers about innovation are shown to have more
education, higher social status, mass exposure to mass media channels of
communication, more exposure to interpersonal channels of communication, more
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change agent contact, more social participation, and are more cosmopolite than later
knowers.
2- Persuasion
When the information about the innovation is identified as relevant to the individual’s
situation, the persuasion stage takes place by forming a favourable or unfavourable
attitude. Feelings start to effect in this stage opposite to the cognitive mental activity
happening in the knowledge stage. In this stage, the individual is more engaged in
seeking information about the innovation, mainly about the characteristics of the
innovation (1. Relative advantage; 2. Compatibility; 3. Complexity; 4. Trialability;
and 5. Observability).
3- Decision
The attitudes formed in this stage lead directly to the decision stage when adoption
(making use of the innovation) or rejection (not adopting the innovation) choices are
made. Small-scale trial of the innovation is a part of this stage before full use of the
innovation takes place. Trialability of the innovation generally leads to rapid
adoption.
4- Implementation
The implementation stage takes place when the innovation is put into use. Starting
from this stage, individuals’ attitudes change to overt behaviours. A very important
measure to take in this stage is to consider how innovation is used and what problems
arise. Therefore, technical assistance in this stage is provided by change agents to
support the use of innovation. This stage may be the end of innovation stage when it
reaches “routinisation” mode. Or, it can reach a “Re-invention” in which the
innovation is changed or modified by a user in the process of its adoption and
implementation. Therefore, innovation is not necessarily a fixed entity.
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5- Confirmation
In the confirmation stage, the individual seeks reinforcement for the innovationdecision already made. This stage continues for an indefinite time as long as the
innovation is in use. As a result, adopters reinforce their decision or reject innovation
based on conflicting messages about the innovation, mainly about its consequences.
It is advised that change agents deal with this stage carefully and provide enough
support for the adopters. It is required to maintain trust and confidence in the decision
made. Current adopters can influence others. Therefore, without a continued effort in
this stage, there is no assurance about “discontinuance” in which an innovation can
be rejected.
4.8.3 The Adoption Decision Using Theoretical Frameworks
Having explained the theories concerning the adoption of innovations in the previous
sections, this section describes how the parameters of theoretical frameworks, as well as
factors from previous studies, are used in the evaluation of fuel cell CHP adoption to this
study besides the application of Rogers’ theory. A growing number of recent studies
propose that other factors such as habits, social influence, and demographics are
necessary to be included in the evaluation process of technology acceptance (Hong and
Tam, 2006).
Moreover, a review and meta-analysis are done by Tornatzky and Klein (1982) on the
relationship between innovation characteristics and innovation adoption and
implementation. The study concludes that potential adopters’ perceptions of innovation
are better predictors of adoption than personal factors. In particular, relative advantage,
complexity and compatibility. This concept is adopted in eliciting perceptions from
participants of the public survey. Fuel cell CHP characteristics are adopted from previous
research concerning the state-of-the-art. For example, fuel cell system size, amount of
reduction on energy bills, reduction on carbon emissions, etc., refer to Section 5.4.2.
Another study by Gärling and Thøgersen (2001) stress the importance of demographics
as they add valuable categorical information. And, it allows for testing the relationships
between categories. For example, the relationship between gender and adoption decision,
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income and decision-making, etc. Data regarding research participants is provided in
Sections E and F of the survey. Bolderdijk et al. (2013), in turn, compares the
effectiveness of monetary versus moral motives in social communication about energy
issues. It is argued that people care about maintaining a favourable view of themselves
and they prefer to see themselves “green”, in appealing to environmental benefits more
rather than “greedy”, in appealing to economic benefits. This study disproves the
effectiveness of the strategy appealing to economic self-interest is the best way to secure
behaviour change.
Rogers focuses on the link between early adopters and their personality and demographic
(Rogers, 1983). The personal profile is considered in the research design and findings are
discussed accordingly, not only to describe the categories of participants but also, to
identify any bias in the results implied by the participants’ profile. Personal profile
information is discussed in the public survey design in Sections E and F. Personal
information about age, education level, property size, etc. are collected. In case studies
and interviews, the personal profile is explained at the start of the interviews conducted.
For example, the questions concerning the professional background of the interviewee.
Another concept proposed by Construal Level Theory is the effect of the perspective of the
future and the immediate time on the adoption of the innovation. It argues that situations may
vary depending on whether the innovation occurs shortly and maybe perceived concretely.
Otherwise, it may be taken in an abstract or general level, without much attention to more
details about the innovation (Arts, Frambach and Bijmolt, 2011).

There are some evaluative criteria used in previous frameworks in the literature about the
adoption of fuel cell CHP. However, the literature has diversified mostly into costs and
technical performance factors, focusing on short-term objectives. They tend to not
adequately examine the impact of social engagement, also, the similarities and
differences of interests between and within stakeholder groups. In addition, no enough
consideration to potential roles of intermediaries and power groups in the adoption.
Overall, Rogers’ model is a systematic approach that looks at the interaction of
technologies in their social context. Rogers emphasises the focus on the social system of
which individuals are a part. Therefore, it is suggested in this research that Rogers’ model
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is applied to describe the decision-making process of potential end-users and current endusers and to identify opportunities and development of fuel cell CHP in the residential
sector in the UK.
4.9

Summary

As mentioned in Section 2.3, UK housing is among the least efficient and the UK has the
highest fuel poverty rates in Europe. In finding an alternative solution, the evaluation of
fuel cell CHP is suggested. Over the past decade, most research on fuel cell CHP has
been conducted on technical development in line with the current phase of emerging fuel
cells. The review of previous research revealed that there is a lack of input from
stakeholders. But to produce technical and economic designs in the framework of
effective strategic planning, it is necessary to rely on the opinions of stakeholders to
increase the chances of success of future fuel cells projects in proportion to the public
benefit.
The gaps identified in this justify the aim of the research described in this thesis (Section
1.3), namely to evaluate the applications of fuel cell CHP systems in the UK residential
sector. The research methodology is described in the following chapter, where end-users
and professionals are considered to be the main stakeholders. Moreover, the
specifications of the fuel cell CHP brand currently available in the UK are considered to
determine future technology development trends, as explained in the design of the public
survey in Section 5.4 and finally to identify opportunities and development of fuel cell
CHP in Section 7.7.
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Chapter 5. Research Methods and Analysis Techniques
5.1

Introduction

This chapter aims to inform the reader bout the research design, methods and analytical
tools of the thesis. The first section of this chapter focuses on debates regarding research
approaches, suggesting that a triangulated mixed-methods methodological approach is
conducted. The second part of this chapter focuses on research methods, considering
several factors. For example, how each method is suitable in pursuing objectives of this
research and what are the information needed. This chapter continues to describe the
selected methods. The last three sections present a detailed description of the methods
used which are: the public survey, interviews with professionals and case studies of endusers. The design recognises the difficulties involved in undertaking research activities
such as confidentiality, costs, convenience, etc.
5.2

Research Methodology

According to Teddlie and Tashakkori (2009), methodological thought has evolved since
the beginning of the nineteenth century. It began in the traditional period (between 1900
to World War II), with positivism status. In the next period (between 1970 to 1990), the
development and popularity of qualitative methods grew. Finally, in the period (between
1990 to Present), the dialogue between qualitative and quantitative societies began to
create mixed-methods as a methodological approach.

1900 to
1939

Quantitative
Methodology

1970 to
1990

Qualitative
Methodology

1990 to
Present

MixedMethodology

Figure 27 Emergence of Research Approaches: Timeline in the 20th Century, Based on
(Teddlie and Tashakkori, 2009)
According to Johnson and Onwuegbuzie (2004), There is no ideal approach. The decision
between approaches is not an instance but rather a continuum of objectives to be achieved.
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The exclusive approach of the quantitative approach corresponds to the positivistic
philosophical assumptions while the qualitative approach discusses supremacy of
constructivism and idealism. Table 11 sets out the differences between the categories of
quantitative and qualitative approaches. Both quantitative and qualitative approaches
have distinct characteristics. Generally speaking, according to Garbarino and Holland
(2009), quantitative methods can be used to predict relationships, while qualitative
methods are used to explore and explain these relationships within their contexts.
Table 11 Quantitative versus Qualitative Research Approaches, Based on (Johnson and
Onwuegbuzie, 2004; Pathirage, Amaratunga and Haigh, 2005; Payne and Williams,
2005)
ID Category
1

Social science
inquiry

2

Researcher

3

Generalisation

4

Justification

5

Writing style

6
Major focus

7

Research approach

8

Methods

9

Best used
Epistemological
orientation
Ontological orientation

10
11

Quantitative

Qualitative

Objective

Subjective

Unbiased i.e. emotionally
Knower and known cannot
detached and uninvolved with
be separated
the objects of study
Less explicit
Explicit
Value-bound considering
Time and context-free
time and context
Empirical
Inductive
(anticipated)
Scientiﬁc reasoning
explanations
Detailed,
empathic
Abstract, neutral passive voice
description and moderately
and technical terms
informally written.
Nomothetic
Ideographic
Establish and describe social The status of sociological
laws
knowledge
Seeks consensus
Seeks complexity
Quantified
methods Subjective accounts
Deductive, testing of theory
Inductive, generating theory
Standard sequence
No standard sequence
Ethnography
Experiment
Action research
survey
Case study
For exploratory research
For confirmation research
Positivism

Social constructionism

Realism

Idealism
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Moreover, Johnson and Onwuegbuzie (2004) argue that a mixed-method compared to
mono-method approach leads to superior research. Similarly, Garbarino and Holland
(2009) emphasise that qualitative and quantitative methods are often more powerful when
combined. The same concept of combining methodologies in the study of phenomena is
called “triangulation”, as defined by Denzin in 1978, mentioned in (Jick, 1979). This
concept is widely applied in current research. The triangular mixed qualitative (intangible
impact) and quantitative (tangible impact) methodology can be very powerful in
conclusion and acquisition, as Fellows and Liu (1997) emphasised. In addition, Jick
(1979) explicitly stressed that both quantitative and qualitative approaches should be
viewed as providing complementary information rather than as rivals.
The quantitative approach requires a large sample and does not share people’s emotions.
However, it can measure (quantify) information. The analysis is relatively easy and
results are explicit. The qualitative approach complement quantitative approach by
reflecting participants’ point of view. It can assess personal experiences of end-users
measuring the quality of the service (the application of fuel cell CHP energy systems and
the energy produced). However, combining the methods effectively is the key element of
a valid research. Accordingly, steps for a valid mixed-method approach are explained
below in Figure 28.

1
2
3
4
5

Follow a typical general
research process
Apply quantitative methods
rigorously
Apply qualitative methods
rigorously

Combine and integrate data
using a mixed-method design

Frame the design into a
broader framework

Figure 28 Steps for a Valid Mixed-Method Approach, Based on (Garbarino and
Holland, 2009)
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Therefore, a mixed-method approach was adopted in this research using the methods
described in the next section of this chapter. The methods targets different groups of
participants, allowing for the exchange of views and broadening the horizons of
knowledge for finding appropriate solutions. Combining both quantitative and qualitative
approaches can add value to the research. Analysing contradictions and similarities
between the quantitative and qualitative data generated from different methods can
provide a rich and comprehensive understanding of the adoption of fuel cell CHP.
5.3

Research Methods

Hammersley (1993) asserts that methods are not valid for themselves, but useful for
specific research purposes. Thus, the aim and objectives of this research are the starting
point for deciding on methods. In addition, the type of target groups of participants
contributes to the method to be selected as described below. In the following, the methods
used to collect data are discussed:
A. Questionnaire-Based Public Survey
A “survey” is a source of information for evaluators and other researchers to extract
information directly from people. Information includes thoughts, feelings, plans, beliefs,
and social background of people. Fuel cells are not widely adopted and not easily
understood by the public (Assefa and Frostell, 2007). Conducting a questionnaire survey
can offer insights into public attitudes and expectations to determine the extent at which
changes in energy systems are supported by the public. In addition, it can determine the
barriers against such changes.
Surveys can be questionnaire-based or interview-based. Both options share similar
features such as questions that make up the survey, instructions, contextual, sample
selection and design, data collection and analysis, pilot testing, response rate, and
reporting of the results. The choice of options depends on the type of information needed
and participants. Questionnaires ensure anonymity and are cheaper. However, interviews
are better when in-depth information is required. More fundamental differences are listed
in Table 12.
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Table 12 The Fundamental Differences between Questionnaire-Based and InterviewBased Survey, Based on (Fink and Kosecoff, 1985)
Criterion

Questionnaires

Interviews

Responses

Limited

Can ask for explanation

Independence

If participants cannot read Does not exist to start with
well

Reliability and validity

Objective

Subjective / Built-in bias

Usefulness or credibility Can find from people if Can find from people if they
of the results

they

have

strong have strong preferences

preferences
Cost

Could be costly with paper Could be costly with travel
and post costs

Anonymity

Can preserve anonymity. Confidential if participant’s
No trace.

Convenience

costs

name is unknown

People work at their own More structured style
pace

Complexity

of Less complex

information

Could

provide

complex

information
clarifications

and
could

be

needed
Response rate

Could have lower rate

Could have higher rate

Questionnaire-based surveys can be less complex for the public than interview-based
surveys. In addition, questionnaires are more suitable for a larger sample size. It can be
more convenient for researchers as well as participants. Questionnaires preserve
anonymity for the respondents who can work at their own pace. On the other hand,
interviews take a long time and it can be less convenient for researchers to interview
larger sample sizes.
In this research, end-users are put at the heart of decision-making process. Considering
that fuel cells have not been widely adopted and cannot be easily understood by the
public, as well as to expand the sample size of participants as much as possible,
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questionnaires are favoured. Therefore, a “questionnaire-based public survey” is used to
accomplish objective two: “To gauge potential adopters’ (individuals’) perspectives on
the adoption of fuel cell CHP”. Further details on the design and conduct of the public
survey are provided in Section 5.4.
B. Qualitative Interviews with Professionals
As described earlier in Section 5.2, triangulation is used to collect data on the same subject
using different methods. For insights from a different perspective, the views of
professionals are sought in this research through interviews. Interviews allow interaction
in discussions, offering flexibility and allowing for an in-depth understanding of
phenomena. They can take a long time, but this can be possible with the professionals as
a target group because of the small number of people in the industry. King et al. (1994)
revealed the differences between different types of interviews as described in Table 13.
Table 13 Differences between the Different Interview Types, Based on (King, Cassell
and Symon, 1994)

Criterion

Qualitative research Structured

Structured

interview

response interview

interview

Most

To

find

appropriate for

meaning of a particular hypothesis

descriptive

phenomenon

the

account

the

testing

view

out

in

of

the To test a formal To

interviewee.

open-

perform

a

search
without
the

hypotheses

To find out how and
why they have this
point of view
Structure

Low

degree

of Highly structured

Flexible structure

structure
Most of them use Mix of both open
Most of them use open closed questions

and closed questions

questions
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Criterion
Focus on

Qualitative research Structured

Structured

interview

response interview

interview

open-

Specific situations and Quantifiable

Factual information

action sequences

and

information

general

evaluative
comments
This research draws on interviews to gain an understanding on professionals’ concerns,
risks and benefits in the uptake of fuel cell CHP energy systems in the residential sector.
With reference to Table 13, using qualitative research interview offers flexibility and help
in looking at specific situations and action sequences in the utilisation of fuel cell CHP
projects which helps in designing adoption scenarios that are useful in future projects in
the UK residential sector. Moreover, Leedy and Ornrod (2001) indicate that structured
interviews allow for a fixed set of questions and no more Instead, semi-structured
interviews provide flexibility, leading to better results. Therefore, the qualitative research
interviews are used in this research ‘also called semi-structured interviews.
From the above, using qualitative “interviews with professionals” is the most appropriate
for this research to accomplish objective one “To review previous evaluations of fuel cell
CHP and identify the gap in previous studies”, objective three “To assess the adoption
experience of current adopters (end-users) from the available application projects of fuel
cell CHP” and objective four “To identify the key drivers and challenges incorporated
with the adoption of fuel cell CHP in the residential sector in the UK”. More details on
the design and conduct of the interviews with professionals are in Section 5.5.
C. Case Studies of End-Users
Case studies are widely used in evaluation studies (Yin, 1981). As described in Chapter
3, demonstration and pilot projects of fuel cells remain under investigation. Therefore,
case studies are investigated in this research to focus on the contemporary real-life
application of fuel cell CHP, to gain in-depth insights, and to learn from past experiences.
The experiences gained from these projects are compiled and made available for use in
future fuel cell CHP projects. Case studies are conducted to address objective three of this
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research: “To assess the adoption experience of current adopters (end-users) from the
available application projects of fuel cell CHP”.
D. Other Methods of Research on Public Engagement and Technology Uptake
The literature on public opinion and practice for energy system change is large. It spans
several contexts, methods, theoretical perspectives and paradigms. It is argued by Jung et
al. (2016) that most empirical research on public acceptance of various energy
technologies uses a quantitative type of methodology. This is confirmed in the review of
literature on social acceptance and attitudes criteria as presented in Section 5.4.2.ii
(concepts adopted from previous literature).
Common methods used to gather data in surveys are: telephone interviews, face-to-face
interviews, mailed questionnaire, and recently web-based questionnaires. The factors that
determine the choice of the method are: scale (size of sample), representativeness, timescale, resources (including staff), costs, etc. (Fink and Kosecoff, 1985). In this research,
the choice is made according to these factors. For example, recruiting people for
interviewing, as in telephone and face-to-face interviews, is a constraint for a sample of
50 or more. On the other hand, mailed questionnaire embed costs constraints and
difficulties in approaching people addresses. In the same time, web-based questionnaires
can assure anonymity which influence response rate positively.
Therefore, this research provides context-based information through demographic
questions in the survey. It is believed that further depth in questions about environmental
awareness, general believes and attitudes related to energy use could offer better
understanding of participants’ responses on the adoption of new energy systems.
However, commitment to a certain length of the survey of about 10 to 15 minutes does
not allow more questions to be added to the survey questionnaire. The interviews
conducted in case studies and semi-structured interviews produce qualitative type of data.
Other qualitative research tools are used in this type of research such as visual data, for
example through photographs, or other interactive participation through focus groups.
However, they are not used for several reasons. Visual data can be used to produce and
represent knowledge. However, a number of participants were not comfortable in being
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filmed. In addition, photographs can be misunderstood (Emmerson and Silverman, 2004).
Rather, in this research, the focus is on eliciting specific features and general description
of the energy system. Nevertheless, photos were undertaken in case studies for showing
system size in particular. Therefore, because of the reluctance of some participants
regarding visual information, it was not used. Instead, other tools are used such as, audio
recordings and transcriptions of interviews.
Focus groups are used to describe the perceptions of different stakeholders involved in
planning or application of a project. Some advantages of using focus groups is the fact
that respondents build on each other’s responses, providing more detailed account of a
situation that is likely not to happen in individual interviews settings (Wilkinson and
Silverman, 2004). Focus groups are not used in this research for practical reasons. For
example, it can be hard to bring all groups together. Participants may show commitment
if the project is of a high interest to them or when some pressure is put, as was the case
in biomass gasifier in Winkleigh, Devon project, where a group of stakeholders and
protestors (of 30 people in total) participated to clarify and document a high level of
mistrust of the relevant authorities (Upham and Shackley, 2006).
The literature present conceptual theories applied in the design of methods in technology
adoption and acceptance research. This includes the factors being assessed to form a
conceptual framework of evaluation. The formulation of the conceptual framework
priorities factors to be looked at. This phase of research design mostly relies on the most
common factors that appear in the review of the literature (Huijts, Molin and Steg, 2012;
Perlaviciute and Steg, 2014).
Some other methods focus on integrating surveys with other tools such as the work done
by Jung et al. (2016) through integration of survey data and Stochastic Multi-criteria
Acceptability Analysis (SMAA). However, it is suggested that this tool is better used to
assess the broad acceptance of multiple options rather than preference for a single energy
technology by identifying preference rankings. Another example of using ORWARE, a
computer-based tool that analyses technologies which have both ecological and economic
aspects. However, in this research, the focus is on extracting opinions from participants
directly as can be done in surveys and interviews.
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E. Objectives and Methodology
The methods described in Section 5.3 are used to achieve a specific objective(s). Table
14 summarises the methods versus the objectives of this research. Further details on the
design and implementation of each method are explained in Sections 5.4, 5.5 and 5.6.
Table 14 The Methods versus the Objectives of this Research
ID

Objective

Method(s)

Deliverable(s)

1

To review previous
evaluations of fuel cell
CHP and identify the gap
in previous studies

A- Literature
Review
C- Qualitative
Interviews with
Professionals

Identify knowledge gap

2

To gauge potential
adopters’ (individuals’)
perspectives on the
adoption of fuel cell CHP
To assess the adoption
experience of current
adopters (end-users) from
the available application
projects of fuel cell CHP

B- QuestionnaireBased Public
Survey

Report drivers and concerns

D- Case Studies of
End-Users
C- Qualitative
Interviews with
Professionals

1- Realise
end-users'
satisfaction level
2- Draw out logic models
3- Report
drivers
and
concerns

To identify the key
drivers and challenges
incorporated with the
adoption of fuel cell CHP
in the residential sector in
the UK
To identify the
opportunities and
development for fuel cell
CHP applications in the
residential sector in the
UK

E- Synthesis of
research findings
from B and C

Report

E- Synthesis of
research findings

1- Make recommendations
for fuel cell CHP
development
2- Make recommendations
for future fuel cell CHP
policy

3

4

5

drivers

and

challenges facing fuel cell
CHP energy systems

◊ PhD Thesis
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5.4

Design and Conduct of the Public Survey

This section describes the development of the survey questionnaire and its form is
justified by examining literature on CHP energy systems evaluative survey studies.
5.4.1

Survey Background

Scientists have developed environmentally friendly technologies to enable people to
enjoy a low carbon life. However, to reduce the risk of innovation, there are many factors
to consider when evaluating alternative emerging energy systems technologies such as
fuel cells. Before the integration of new energy systems takes place, the uncertainty about
technological and potential environmental or social issues must be resolved (TSB, 2013).
Thus, sufficient information is to be produced to provide informed choices by households
and policymakers to lead market uptake to help in overcome those challenges facing the
world.
Globally, citizens are encouraged to raise their voices, to remind their governments of
what is at stake and to reach a strong, action supported agreement , as the SecretaryGeneral Ban Ki-moon emphasised at the United Nations Climate Change Conference
2015 in Paris (UN, 2015). The UK government is keen to involve stakeholders at the heart
of the decision-making process through several development support plans (EST, n.d.-c;
ofgem, n.d.-a; Scottish Government, n.d.). This active acceptance can help develop
effective strategies and plans for real change and uptake of modern energy technologies.
To address the evaluation objectives of this research, a mixed-method approach was
adopted. This survey is one of the three distinct components of the research methodology.
This is done to address objective two of this research. Thus, this survey aims to develop
an understanding of the main drivers and constraints associated with the adoption of fuel
cell CHP by end-users in residential applications in the UK. The survey in social research
asks questions about what happens and why it happens? Questionnaires are widely used
in surveys. They are sent to a large number of people asking for views on specific subject
trends (De Vaus, 1986).
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This section describes the design and conduct of the survey based on the steps were
described by Fink and Kosecoff (1985), as shown in Figure 29. These steps are further
explained in the following sections. Sections 5.4.2 and 5.4.3 address steps 1 and 2,
Section 5.4.4 addresses step 3, Section 5.4.5 and 5.4.6 address step 4 and Section 5.4.7
addresses step 4 of the basic survey steps.

(1) Choose the
type of survey

(2) Write
questions

(3) Define the
sample

(4) Pilot and
administer the
survey

(5) Analyse
and interpret
results

(6) Report the
results

Figure 29 Basic Survey Steps, Based on (Fink and Kosecoff, 1985)
5.4.2

Survey Design and Questions

The design of a survey includes a standard set of questions that forms the survey that is
conducted by each participant. The design begins with the objective(s) that needs to be
addressed and develop on how to find the answers by asking the questions.
i.

Survey Literature Review
A literature review was undertaken to explore previous evaluation surveys that
specifically concerned the acceptance of fuel cells on a residential scale; adoption of
alternative and novel CHP energy technology systems; and involvement of stakeholders.
Phil et al. (2012) emphasised that the success of new technologies depends on meeting
the needs of end-users including social, emotional, practical and economic needs. In Table
42 of Appendix (B), assessment criteria for evaluating social acceptance in the adoption
of fuel cells were identified. These criteria represent an evaluation framework that reflects
attributes that emerged from previous research with the underpinning determinates as
mapped out. These include the criteria for examining social acceptance (including
knowledge, awareness, attitudes, etc.), environmental behaviour, perceptions on energy
technologies, economic factors and willingness-to-adopt, willingness-to-pay, comfort
and aesthetics, market and infrastructure, social aspects, characteristics of the property
and other demographic information. In light of the literature, the most common criteria
were considered in the design of the questionnaire-based survey in this research.
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ii.

Concepts Adopted from Previous Literature
In addition, the following concepts from previous studies were used as a basis for
designing survey questions. Also, the concepts correlate with the theoretical frameworks
as a background to the design of the survey, explained in Section 4.8.3
•

Technology Characteristics

According to Scarpa and Willis (2010), the benefit of cogeneration technologies derives
from the characteristics of these complex commodities. Therefore, questions were asked
about the characteristics of fuel cell CHP derived from the literature. For example,
questions were asked about the size (Q10), installation location (Q11), cost (Q15, Q27),
fuel supply (Q13, Q19, Q20). In addition, a selection criterion is based on concerns
derived from the relevant literature on the adoption of CHP technologies as an alternative
to conventional boilers widely used. Concerns are mainly mentioned in question 27.
•

Choice Experiment

A study conducted by Scarpa and Willis (2010) presented the Choice Experiment (CE).
Choice experiments are based on consumer demand theory, especially consumer
behaviour theory after Lancaster (1966) and Rosen (1974). In this experiment, sets of
alternative characteristics are offered for CHP technologies. Participants were asked to
choose their best choice of these alternatives. Fuel cell CHP characteristics (benefits)
were derived from literature as presented in Appendix A. For example, in question 10,
participants were asked to choose their preferred choice of size for their new energy
system from among four different sizes: a microwave oven, a washing machine, a single
wardrobe, or a double wardrobe. Preferences were discussed in the recommendations for
the adoption of fuel cell CHP in future applications in Section 7.7.C.
•

Information-Choice Questionnaire

Another study by De Best-Waldhober et al. (2009), used the Information-Choice
Questionnaire (ICQ), a type of questionnaire that informs the public of relevant
knowledge to help them make a decision. The results show that informed opinions derived
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from the ICQ type can provide a different quality in terms of consistency and stability
over time, which was found to increase by at least 20% if carefully evaluated. ICQ was
adopted in the design of the public survey. It has been specifically used in question 14
(reducing energy bills by two-thirds) and question 18 (reducing carbon emissions by onetenth), based on (Dodds et al., 2014) in Section C of the survey for describing the new
energy system. It was also used in Section D - Overall Evaluation. However, since this
information undoubtedly affects the decision of participants, the questions must be
carefully designed to avoid any bias towards a particular thought or belief. This is done
via two stages. First, by analysing the relevant knowledge derived from literature, and
second, by survey piloting.
•

Willingness-to-Adopt and Pay

Research studies by Mourato et al. (2004), Banfi et al. (2008) and O’Garra et al. (2005),
evaluated the consumer’s willingness-to-adopt and pay (WTP) to install a new energy
system or measure. Respondents were provided with descriptive information about the
characteristics of the alternative situation and then asked to choose between traditional
and alternative positions. This method helps to estimate the benefits of the new
installation / project that has not yet occurred. In addition, the use of this method has been
useful in making recommendations for investment in these new alternatives based on the
high WTP estimate compared to the actual cost. WTP is implemented in this survey in
Section C - Describing My New Energy System in question 15.
•

Stakeholders

Another study of social acceptance by the public focused mainly on professionals, where
half of the participants had high knowledge of fuel cells and hydrogen systems.
(HYACINTH, 2017). In this research, professionals were not deliberately targeted in the
public survey. Instead, their views were drawn up in the interviews with professionals
discussed in the next section. The participants of the survey are the public. Therefore,
previous research studies provided an analytical framework for the study of social
acceptance in relation to fuel cell CHP. However, the context of a particular country, the
United Kingdom, was not particularly considered. Moreover, only a few spoke
specifically about fuel cells.
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iii.

Survey Questionnaire Roadmap

Because most of the public has little knowledge about fuel cells, the survey was designed
to present a scenario of a hypothetical new energy system. The characteristics of this
system derived from the literature were described in order for the respondents to make a
decision. Concepts were explained in the terms of the average person through the
questions. In light of the literature, the survey was designed. Criteria and sub-criteria,
discussed in Table 42 in Appendix (B), were considered in the design of the questionnaire.
In addition, the concepts from previous literature presented above were adopted in the
design of the questions.
The questionnaire framework includes: (1) Generic knowledge and Environmental
concerns (Section A); (2) Drivers for the adoption of new energy system (Section B &
C); (3) Specific knowledge about the new energy system (Section C); (4) Economic
aspects (Section C); (5) Specific knowledge about the technology to be evaluated &
Overall evaluation (Section D); (6) Residence characteristics (Section E); and (7)
Demographics (Section F); (8) An open-ended question that reveals any of their concerns
(Section D). Table 15 presents the survey questionnaire roadmap with the criteria
specified in the design of each question.
Table 15 Survey Questionnaire Roadmap
Question ID

Criterion

Sub-Criterion

Introduction Section
Section A Your Background Knowledge on Energy Issues
Knowledge/Awareness
1 and 2
Behaviour / Attitude / Opinion
Knowledge/Awareness
Section B Adopting a New Energy System
Motivation / Willingness-to-adopt
6

3 and 4
5

Role of actors
Efficiency measures
Change of the energy system

7

Motivation / Willingness-to-adopt

Cost

8
9

Knowledge/Awareness
Behaviour / Attitude / Motivation

Affordability
Savings

Section C Describing My New Energy System
Behaviour / Attitude / Motivation Size
10
(Choice Experiment (CE))
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Question ID
11
12

Criterion

Sub-Criterion

Behaviour / Attitude / Motivation (CE)

Installation location

Behaviour / Attitude / Motivation

Motivation
by others)

13

Behaviour / Attitude / Motivation

Motivations
(environmental
concerns / aesthetics / warranty
/ independence / comfort)

14

Behaviour / Attitude / Motivation Cost reduction
(Information-Choice
Questionnaire
(ICE))

15
16

Willingness-to-pay (WTP)
Behaviour / Attitude / Motivation (CE)

17
18

Attitude / Opinion
Economic benefit
Behaviour / Attitude / Motivation (ICE) Carbon emissions

19
20 - 26
27

Behaviour / Attitude
Attitude / Perception
Behaviour / Attitude

(recommendation

cost
Support mechanism

Type of fuel
Energy technology
Barriers (cost / installers /
reliability / noise / aesthetics /
suppliers / safety/fuel/lack of
information)

Section D Overall Evaluation
Motivation / Willingness-to-adopt & Size / Savings on energy bills/
28
ICE
Savings on carbon emissions

29

Attitude / Willingness-to-adopt and Time scale
ICE

30

Attitude / Perception

Energy technologies in solving
energy issues

31
32
33

Knowledge/Awareness
Attitude / Willingness-to-adopt & ICE
Attitude / Perception / Opinion

Fuel cells
Fuel cells

Section E About your home
Residence characteristics
34
Residence characteristics
35
Residence characteristics
36
Residence characteristics
37
Residence characteristics
38
Residence characteristics
Section F About yourself
Demographic Information
40
Demographic Information
41
Demographic Information
42

39

Property type
Ownership
Number of rooms
Energy form / Heat supply
Energy form / Electricity
supply
Retrofit plans
Gender
Age group
Education level
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Question ID
43
44
45
46

Criterion

Sub-Criterion

Demographic Information
Demographic Information
Demographic Information
Demographic Information

Education level of HOH
Employment statues
Household income
Spatial characteristics: Region
(first part of postcode)

47

Demographic Information

Contact details: Telephone / email

48

Refer other participants

Contact details: Telephone / email

End of the Survey

iv.

Types of Questions

Different types of questions were used in the design of the public survey according to the
nature of the question. The types of questions and purpose of use were illustrated in Table
16. The quantitative data are collected in surveys when closed questions are asked using
reading scales or instruments. The qualitative type of data are collected when open
questions are asked to gather a general perspective on the subject. In this research, closed
questions were mostly used to facilitate the survey task to participants. A copy of the
issued survey is provided in Section 9.4.1 in Appendix (D) – Issued Survey.
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Table 16 Question Types Used in the Survey
Type
of Purpose of Question
Reference Question(s) in
Question
the Survey
Grid / Rating Used to evaluate items in one row 1 to 5, 8, 12 to 14, 17 to 19,
Scale

(Likert scale) or more (Matrix)

27, 28, 30, 31

Checkboxes

Used when one or more options could 6
be selected

Multiple Choice Used to select only one option to 7, 9 to 11, 15, 16, 20 to 26,
identify a priority
Single Textbox

29, 32, 34 to 45

Used to collect short open responses. 46
This could be text or numerical values
such as postal address, email address,
telephone number, etc.

Paragraph

Used to collect long open responses. 33, 47, 48

Textbox

This could be text or numerical values
such

as

feedback,

opinion,

recommendations, etc.
Participants were given a choice to select (i.e. Don’t know, Other, prefer not to say, etc.)
if needed. This has been confirmed for use after piloting the survey. Some participants in
the pilot survey were unable to make a decision about answering some questions.
Therefore, this way out option was applied to all questions.
5.4.3

Survey Mode

Traditional paper-based questionnaires were avoided in this research to reduce waste. In
addition, telephone survey was not used because it is expensive. Google Forms were used
in this research. This platform provides access to unlimited number of questions and
themes. It is free to use and Data are automatically exported in Microsoft Excel sheets.
Before the actual conduction of the survey, pilot survey was conducted as explained in
the next section.
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5.4.4

Sampling and Identification of Respondents

As explained before in Chapter 2, the focus of this research is on residential applications
of fuel cell CHP. Hess et al. (2001) examined the effects of survey designs at the
individual versus household level on data quality and estimates. The results of behaviour
coding showed that the differences in item responses were trivial between the two cases
and that there was no inherent superiority in one design or another. Therefore, this
research targets individuals to obtain public opinion on the adoption of new residential
energy systems and their willingness-to-adopt fuel cell CHP. However, information about
household (income, size, etc.) are collected, and discussed in relation to the composition
of the overall population. The outcome of this survey could help to improve future fuel
cell CHP adoption strategies on a residential scale.
The sample is said to be representative when each person in the sample group has an equal
opportunity of being selected out of the population (Fink and Kosecoff, 1985). There are
many methods introduced in literature to deal with the complex nature of humans.
Furthermore, time, convenience and availability of human resources are limitations to any
survey. In this research, the aim is to obtain a wide range of participants through the
adoption of the Purposive Sampling Method where cases are judged by meeting the
criteria for the interest of the researcher. This method is also used in the absence of a clear
sampling frame. Moreover, snowballing is a form of purposive sampling which, if done
correctly, can approximate a random sampling, also called “convenience sampling”. This
happens when participants recommend or directly recruit other people directly to
participate in the research (Fink and Kosecoff, 1985; De Vaus, 1986; Centers for Disease
Control and Prevention (CDC), 2008).
However, purposive sampling has to be executed with a careful judgement by the
researcher. The primary criteria for the selection of participants are to live in a property
located in the UK and the participant age to be above 16 years old. In addition, to avoid
any bias, a selection of different age and gender groups of adults and representatives from
different parts of the UK has been carried out as explained below in the distribution of
the survey. More details are mentioned in Section 5.4.6 about survey administration
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5.4.5

Pilot Survey and Issued Survey

It is important to make sure that a good survey is designed before sending it to a large
number of participants. The test can be performed using the actual type of people
participating in the survey. A group of colleagues or friends can give their feedback. The
importance of piloting stems from the absence of a surveyor to clarify any ambiguity.
Because people think differently, it may be very helpful to think about different points of
view. Pilot survey helps to shape questions better and positively enhances the response
rate by resolving any ambiguity in questions after corrections at this stage (Fink and
Kosecoff, 1985).
Therefore, the final version of the survey was sent to a convenient sample of eighteen
volunteers in December 2016. Participants were advised to read it carefully and give any
comments in terms of clarity, redundancy and length. Thirteen out of eighteen participants
responded within a week. Seven of them, including four experienced in energy-related
fields, found that it was absolutely fine and just filled in the questionnaire. The rest gave
detailed feedback.
Participants in the pilot survey were given ID's from P1 to P18. Comments overlapped at
many points. Most of the comments were about clarifying specific terms. These terms
were related to energy and environmental issues (the overall subject of this research). All
observations given by the participants and changes that have been made are mentioned in
Table 43 in Appendix (C) – Pilot Survey. Conducting the pilot survey mainly improved
the questionnaire in terms of the ability to better understand the terms used.
After the survey was modified, the final version was issued. It comprised an introduction
followed by five sections: Section A - Your Background Knowledge on Energy Issues;
Section B - Adopting a New Energy System; Section C - Describing My New Energy
System; Section D - Overall Evaluation; Section E - About your home; and Section F About yourself. The total number of questions was 48 including the demographics. The
issued survey is attached in Section 9.4.1 in Appendix (D) – Issued Survey.
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5.4.6

Survey Administration

Once the survey was ready, it was sent out to participants for data collection. It was not
easy to reach people randomly or identify a sample frame. Therefore, the proposed
method for distributing the survey was snowballing. Particular attention was taken to
avoid any sample bias. The distribution of the survey took place in different ways, on
diverse groups and on different occasions and locations. For example, it was sent through
university associations, local social groups, charity groups, energy-related groups, etc. It
was sent via mailing lists and pages on social media. Small leaflets were also distributed
at several social events at Heriot-Watt University. The survey was designed for the
shortest possible length to ensure better response rate. The survey was conducted between
19 January 2017 and 1 April 2017.
5.4.7

Survey Analysis

The information derived from the data collected were analysed, quantified and used in
the evaluation process to propose recommendations on future adoption of fuel cell CHP
energy systems within a suggested timeframe. Microsoft Excel is widely used in scientific
and commercial research to unlock data potential. Therefore, it has become a very
powerful and reliable tool for delivering data in research. Therefore, the database created
automatically from the online forms was exported to Microsoft Excel for analysis.
Data were analysed using Microsoft Excel to produce a variety of visual graphical
formats. Several types of charts and tables have been used according to the information
to be provided. Pie charts were used to illustrate numerical ratios. Bar or column charts
provided aggregate data along rectangles to match the value of the data provided. Colours,
labels, legends, etc. were added when necessary. Cross-tabulation is also possible using
Microsoft Excel. Other text data were analysed qualitatively. They were all used to
facilitate cumulative knowledge acquisition in a visual way. Conduct of the analysis has
been described in details in Section 6.2
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5.4.8

Survey Summary

The survey summary is presented in Table 17. More details on the outcome of the survey
are discussed in the next chapter in Section 6.2.
Table 17 Survey Summary
ID

Category

Description

1

Type of Survey

Self-administered questionnaire-based survey

2

Issued Survey

Refer to Section 9.4.1 in Appendix (D) –
Issued Survey

3

Date of Survey

Between 19 January 2017 and 1 April 2017

4

Sample

The public in the UK, over 16 years old

3

Sample Size (n)

308

4

Survey Administration

Online

URL

has

been

distributed

via

snowballing
5

Data Analysis

Microsoft Excel and Microsoft Word were
used

4

Results

Results in the form of tables, diagrams,
figures, and summaries with interpretations are
in Section 6.2.

5.5

Design and Conduct of the Interviews with Professionals

This section describes the design of interviews with professionals and justifies what has
been done by reference to literature on research methods. As described in Section 5.3 of
this Chapter, the qualitative research interview for this research was adopted. King et al.
(1994) proposes four main steps for interviewing. These steps are: (1) identification of
the overall aim of the research and small achievable; (2) the establishment of the interview
guide; (3) recruitment of participants; and (4) Interviewing. These are described in the
next sub-sections.
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5.5.1

Interview Background

It was justified in Section 5.3 that “Semi-Structured Interviews” are the most appropriate
for this research to contribute to achieving objectives one, three and four of this research.
In some research, interviews are designed to test a specific hypothesis or theory. These
have a structured interview format. While other research, seeks to explore the perceptions
and the meaning from the interviewee point of view. Data from the latter research are
interpreted, then, results are used to gain a better understanding of phenomena (DiCicco‐
Bloom and Crabtree, 2006).
In this research, a predetermined conversation framework has been formed based on
themes that were derived from literature. Questions were formulated subsequently in
relation to these themes. However, conversation was designed to be interactive and open
to all possibilities. There was no theory or hypothesis in mind to be tested but rather,
questions were influenced by previous published work that formed fundamental beliefs
about the problem (inductive approach). According to Ryan and Bernard, theme
identification is the most important task in qualitative research (2003).
Moreover, in formulating interview questions, tips recommended by Jacob and Furgerson
(2012) were considered to craft questions that can elicit high-quality information. Flow
of information was ensured by organising questions into a specific structure. The structure
begins with the basics and easy questions and develops into more complicated or
controversial ones. Questions are open-ended. They are big and expansive so that the
participant can tell things the interviewer might never thought of. Moreover, asking
general questions allows the participant to talk without interruption. However, notes of
specific smaller questions could be listed to create prompts in the conversation.
5.5.2

Interview Protocol

Interview invitations were sent to contacts via emails. It was mentioned in the body of the
opening email invitation details about the context and the impact of the research.
Moreover, interview approximate time duration was mentioned. Opening email template
is attached in Section 9.5.1 in Appendix (E). Once the participant has agreed to take part
in an interview, another thank you email has been sent with the Interview Consent Form
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attached to it. The consent form comprised a brief about the researcher and the research
aim. The consent form assures that confidentiality is protected, the participation is
voluntary and withdrawal of participation is possible at any time. Moreover, approval for
audio-recording has been requested. Consent form as a part of ethical research procedure
had been fully approved by Heriot-Watt Ethics Committee on 18 September 2015. A copy
of the “Interview Consent Form” is attached in 9.5.2 in Appendix (E).
Interview protocol was followed. It comprised several sections. The introduction section
begins the conversation with thank you statement. Aim and benefits of the research were
explained after. For full Interview Protocol details and questions refer to Section 9.5.3 in
Appendix (E). The questions of the interview were designed to address specific research
objectives as mentioned in Table 14. Questions were grouped into themes: (A) it start by
asking background information about the participant and his/her organisation; (B) Five
questions about the technology development (describing the current situation, the drivers
and challenges facing the uptake of the technology); (C) Fuel cells performance (how the
technology is utilised, scale and type of application, general performance and end-users’
satisfaction); (D) Moving Forward (the lessons learnt and recommendations for future
installation plans). Finally, the interview closes with a thank you statement and asks for
any final comments to be added.
5.5.3

Recruiting Participants for Interviews

Selection of participants for interviews, as reported by DiCicco‐Bloom and Crabtree
(2006), is referred to as a purposive sampling. The group of selected interviewees are
homogeneous and share critical similarities related to the research objectives that need to
be addressed. In this case, professionals who worked on fuel cell projects were targeted.
They have worked on different phases of projects, either on the planning, design,
execution or maintenance phases. Researchers took also a part in the interviews including
consultants.
Invitations were sent to 31 fuel cells professionals. 10 have responded. They were
identified either because their names were mentioned in published reports about the topic
or conferences. Some participants were recommended by other interviewees. Contact
details were obtained from the individuals themselves or online from the web, from their
107 | P a g e

professional institution website or their LinkedIn profiles. A list of interviewees is
attached in Table 44 - Interviews Track in Appendix (E).
5.5.4

Conduct of Interviews

The “Interview Schedule” described in Sections 5.5.2 and 9.5.3 was followed in the
conduct of the interviews with professionals. Before conducting the interviews, a test of
the recording device and practice was done with a friend. Interviews were conducted
individually. Flexibility was considered in terms of schedule, discussion of specific
questions in more detail, or addition of any other information the interviewee may find
useful. Listening carefully and thoughtfully about can often make participants share
information, as (Jacob, 2012) asserted. A digital dictation device was used to record
interview conversations. Brief notes were also taken.
5.5.5

Interviews Analysis

The nature of qualitative data can be confusing and complex. Therefore, the need for a
reliable practice in methodological analysis arises. Ryan and Bernard (2003) mentioned
that analysing texts involves theme identification as one of the most fundamental tasks in
qualitative research. As far back as 1932, an index of themes had been created as a key
step in analysing cultures. Opler (1945) declared that expressions in data have no meaning
without some reference to themes. Themes are described as the conceptual linking of
expressions extracted from the data set to be linked to abstract constructs (Ryan and
Bernard, 2003).
The use of themes in qualitative research used to be called “Qualitative Analysis” of data
in some references. In others, it was called “Grounded Theory”. Grounded theory is about
generating theory from a collected data set. This is a specific inductive approach for
categorising themes in data set, rather than verifying a theory (Glaser, 2017). More
recently, it has been recognised as a distinct data analysis technique, the so-called
“Thematic Analysis”. This technique has become widely used in qualitative research
(Terry et al., 2017).
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Terry et al. (2017) have outlined the history and context of the thematic analysis technique
in qualitative research. The thematic analysis procedure was first published only in the
1990s but qualitative researchers were using this method prior to the development of any
specific methodological procedure. Qualitative researchers were unanimous in
concluding how thematic analysis gets done. Flexibility is a distinct feature of this
analysis method. It can be applied to various methods such as interviews, focus groups,
and qualitative surveys. In an inductive approach of research, codes and themes are
created working bottom-up from the collected data. Another analytic choice to be made
in creating codes is either “Semantic” or “Latent”. Semantic coding captures codes with
explicit meanings, whilst latent coding captures codes with implicit meanings which are
not explicitly stated. The deepening immersion of the researcher in the data can reveal
the latent codes.
Terry et al. (2017) suggest a six-phase analytical process to be followed in applying
thematic analysis. Phase-1, Familiarising with the Data. This begins with collecting data.
Phase-2, Generating Codes. This phase creates the first building block of the analysis.
After coding the entire data set, Phase-3, Constructing Themes. It is about generating a
draft version of themes. In Phase-4, Reviewing Potential Themes. It is a flexible and opento-change step of the analysis process. Phase-5, Defining and Naming Themes. It is
generated with further focus and review. Phase-6, Producing the Report. It is the final
phase of the analysis which incorporates the writing and effective communication of the
analysis of the data set.
In the process of developing themes, Ryan and Bernard (2003) suggest looking for:
•

Repetitions of topics,

•

Indigenous typologies or categories of themes that may look unfamiliar,

•

Metaphors and analogies observation,

•

Transitions, which naturally occur to possibly indicate a shift to a new theme,

•

Similarities and differences by searching for them and making comparisons across
data,

•

Linguistic connectors, which often indicate causal relations,

•

Missing data in reverse from typical theme-identification technique, and
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•

Any other theory-related material.

This iterative process of analysing text to extract themes leads to saturation where no
more themes can be found (Kuzel, 1999). A powerful way of controlling data in
qualitative research, as suggested by Bryman and Burgess (1994), is the code-and-retrieve
system. Typically, it starts with identifying segments of data for categorisation under
main topics. This process is called coding (also indexing) from which hierarchical
structures of sub-themes and themes emerge.
After building up themes, a useful tool in the analysis of qualitative data is generating a
Profile Matrix, which includes the unit(s) of analysis with their variable(s) or attribute(s),
and a Proximity Matrix, which tells how similar or dissimilar sets of data are (Bernard,
Wutich and Ryan, 2016). Bryman and Burgess (1994) argue that the ultimate goal of
qualitative research is always theory construction. They also assert that theories are
constructed, and not just found. Therefore, from these precepts, a general procedure for
qualitative analysis can be defined, as depicted in Figure 30. This approach was followed
in the present research.
Collect
qualitative
data

Read
carefully

Follow
coding
process

Build up
themes

Discuss and
interpret
results

Develop a
theory

Figure 30 Qualitative Analysis Process
The interviews were recorded, transcribed and read many times for analysis as questions
and answers overlapped at many instances in the different interviews. Although questions
were grouped, initially, into three main sections (Technology Developments, Fuel Cell
CHP Energy Systems Performance, and Moving Forward), interesting features across the
entire data set have been looked for as far as possible to be coded. Each code links chunks
of data to the same phenomenon. There are certainly initial themes, and codes were
identified by the researcher after reviewing past theory in the literature but the general
orientation was to follow a data-driven analysis. The relevant data to each code was
collated following the strategic choice of the researcher. These codes had established
themes and sub-themes.
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The smallest meaningful segment of the transcript (unit of analysis) had been coded. This
could be several lines, a single line or a portion of a line. Similarity, minority and
contradiction in data features had also been identified. Interviews coding example is
attached in Appendix (E) – Interviews with Professionals. To transcribe the audio format
of interviews, (Transcribe.wreally.com) has been accessed. As a first step, Microsoft
Word is used for colour coding the text. Cods are organised in a table format using
Microsoft Excel. Tables are generated with the text extracted that are used as citations in
the results Section 6.3.1.
5.6

Design and Conduct of the Case Studies of End-Users

This section describes the approach adopted for the case studies, justifying what was done
by reference to the literature.
5.6.1

Case Studies Background

Zhuo (2015) argues that solving these problems starts locally by focusing on a particular
problem and thus resulting in a manageable solution, at the heart of each case is a problem.
The focus on local case studies can set the ground for developing a focused statement
about the applications of fuel cell CHP.
Demonstration projects help legitimize technology and influence technological change.
Although they play a role in pre-commercial technology, however, demonstration
projects are an institutional framework for actors involved in project development.
Moreover, the larger the size, the more likely financial and technical risks are likely
(Karlström and Sandén, 2004). It is generally understood that lessons learned mean
experience gained from project implementation. These important aspects can be applied
meaningfully in future projects. Demonstration projects and ongoing projects can provide
useful knowledge. In this research, ongoing projects were investigated.
The National Research Council (1999) argues that "projects that seem to have failed often
make significant contributions to later technology development or other unforeseen
goals.". On the other hand, Karlström and Sandén (2004) stressed that the success of the
project should not be limited to technological success alone. Therefore, it is useful to
111 | P a g e

identify measures of success as well as factors that have contributed to any failure for the
development of future projects.
Case studies are widely used in programs evaluation studies (Yin, 1981). Case studies
purpose can be exploratory, explanatory and descriptive. They are used to explore a
contemporary application in a real-life context (Yin, 2003). This fits with the scope of the
evaluation of this research that the case studies provide detailed accounts of fuel cell CHP
applications in their actual context.
This raises the important question of “Can one case study answer the research question(s)
or if more than one study is needed?”. Stake (1995) distinguishes between the
investigation of single “intrinsic” or multiple “instrumental” case studies. In the first case,
the aim is to investigate a particular individual with little interest in generalisation, while
the multiple “instrumental” case studies are used to achieve a goal or to answer a research
question rather than to understand a particular case. The instrumental case aims at some
kind of generalisation. According to Bengtsson (1999), the focus on a single particular
case emerges because it is an extreme or unique case, a critical case, or a revelatory case.
The multiple case studies were adopted in this research. This type focuses on issues
embedded in case studies. The applications of fuel cells are being investigated to show
different perspectives of the various projects available. Therefore, the key when applying
evaluation methods to fuel cells applications is to balance the unique qualities of a specific
project with the practices that it has in common with others, allowing for a comparison
of objectives, processes and outcomes between cases. Four case studies were investigated
as described in Section 6.4.
Robert Yin (2003) points out that the collection of data from different sources of evidence
retains a series of evidence. This may include reviewing documents, reviewing archival
records, conducting interviews, and conducting direct observation or physical works of
art. In addition, “Secondary Data” such as, statistics, catalogues, reports and field trials
of case studies contain useful information that is not available online and is not easily
accessible.

112 | P a g e

Assefa and Frostell (2007) emphasised, in order to avoid sub-optimisation, the case study
approach should include social indicators as well as other indicators such as economic,
technical performance and legislation related to fuel cells applications. Therefore, in the
investigation of a case study, it is important to develop case study aim and objectives that
are consistent with the overall research objectives. In addition, according to De Vaus
(1986) suggested using mixed methods of data collection, a mix of observation, interview
and documentation.
In investigating case studies, logic models explained in Section 4.3 were used. The inputs,
processes and outcomes of each case study project were explored. This also includes a
description of project background, the involved stakeholders, drivers and the barriers.
Finally, the impact was explained and recommendations made in accordance with future
fuel cell CHP residential applications.
5.6.2

Identification of Case Studies

Case studies available for access were small commercial CHP applications. Although the
cases include non-residential applications, the implications for residential application can
be deduced by considering primarily the scope of the application “CHP applications” and
the incentive scheme was available in the “FiT scheme”. A full description of the case
studies is provided in Section 6.4.
5.6.3

Conduct of Case Studies

The reliability of the research results is believed to be based on ethical consideration in
the collection of methodological data. This is achieved by following the case study
protocol and obtaining the ethical approval sought in accordance with Heriot-Watt
University requirements. Case studies are based on multiple sources of evidence.
Evidence has been extracted from previously published reports where appropriate. Direct
observation of fuel cells was carried out in their real life condition while visiting the site
and taking some digital photographs. Telephone interviews were also conducted with
end-users. A questionnaire- survey was used to assess the satisfaction of its occupants.
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5.6.4

Case Studies Protocol

The case study protocol has set the procedure for collecting the information sought from
participants for a single case study project using multiple methods. The case study
protocol for data collection is outlined in this section. The case study questions of the
end-user (owner) interview focus on four main themes in a similar pattern to the survey
content which are:
A.
B.
C.
D.

General Information
Fuel Cells Deployment
Fuel Cells Performance
Moving forward

The survey questionnaire of end-user (occupant) is designed in a simple format to elicit
general perceptions on convenience, safety, ease of use, maintenance and general
awareness as a result of the fuel cell CHP installations in their premises. The case study
protocol follows the procedure described below. It refers to 4 documents which are
included in the appendix as follows:
•
•
•
•

Doc1- Case Study Email Invitation Template
Doc2- Interview Consent Form - Case Studies
Doc3- End-User (Owner) Interview Questions
Doc4- End-User (Occupant) Survey

Case Study Data Collection Protocol
1. Welcoming the interviewee
Firstly, let me thank you for giving the time and effort to participate in this interview.
2. Brief Research Background
I am undertaking a PhD in Construction Management at Heriot-Watt University,
Edinburgh, exploring the small-scale application of fuel-cell energy systems in the UK.
The research aims to gain a better understanding of the uptake of fuel cell energy system.
The overarching objective of the study is to explore and make recommendations to
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enhance the quality of future fuel cell applications to resonate with stakeholders’ needs.
Therefore, I want to ask you a number of questions about this project.
3. Ensuring Confidentiality of Collected Data
Refer to the consent form (Doc.2).
4. Asking for permission before recording the interview.
Refer to the Consent Form (Doc.2).
5. Asking if there are any questions before we get started
6. Introduction to the Interview
Please feel free to share your experiences, feelings, perceptions, opinion, and thoughts
during the interview. Remember there is no right or wrong answer, the idea is to explore
the impact that this application has made on you and/or your organisation.
7. Interview Questions
Refer to End-User (Owner) Interview Questions (Doc.3)
Refer to End-User (Occupant) Survey (Doc.4)
8. Ask if there are any important areas not covered, or other areas to focus on. Any
final thoughts on the topic?
9. Conclusion and Updates
A conclusion will be drawn from the provided information. Asking interviewee if he/she
interested to get research Findings and conclusion (I will keep you updated if you would
like to).
10. Closing and Thank you
We have come to the end of the conversation;
Do you have any other comments you would want to make?
I would like to thank you again for your time and your contribution to the success of this
research study.
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If you have any questions or concerns about this study, please contact me at the details
provided in previous emails.
End of Protocol
5.6.5

Case Studies Analysis

In the analysis process, case studies data were examined. The evaluation model explained
in Section 4.3 has been developed to guide the evaluation process. Relevant facts have
been developed and other challenges were revealed. The impact of the fuel cells
application was also explained. Possible recommendations were uncovered accordingly.
Conduct of the analysis of case studies is discussed in details in Section 6.4.
5.7

Data Collection Challenges

The main challenge of data collection was access to information. In both case studies of
end-users and interviews with professionals, sensitive data, especially financial
information, was avoided. Access to participants was also challenging, either because
they were not willing to share information, because they did not have time or because
they were more interested in technical improvement than exchanging their experiences.
5.8

Summary

A choice of the research approach associated with the used methods was described in
detail in this Chapter. A justification of this choice between alternatives was also
mentioned with their relevance. Each method was used to accomplish a certain objective.
These were shown in Table 14. Details of the data collection process were also described
in this chapter. This includes the sought information (in the form of questions), the used
consent forms, the followed protocols, and the research activities done. Analysis
procedures were described briefly for each method. Step-by-step directions for
performing these analysis procedures both by manual and computer analysis using
Microsoft Excel were presented in the chapter that follows. These were integrated and
results had been visualized into diagrams in the following chapter.
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Chapter 6. Results
6.1

Introduction

This chapter aims at analysing the data collected and presenting the results based on the
analysis and understanding of these data. Conducting the research design and
methodology presented in Chapter 5, produced three sets of data. The three data sets were
presented and analysed as follows:
•

Data Set 1: Public Survey

These data are mainly in the form of numbers (Quantitative data). It counts the number
of people who represented a particular background. Data are exported into Excel sheet.
This was statistically interpreted and presented. Raw data are then presented visually into
charts in order to get faster impressions of the patterns and trends.
•

Data Set 2: Interviews with Professionals

This data are mainly in the form of words (Qualitative data). Interviews data are
transcribed into Microsoft Word documents. Microsoft Excel was then used to organise
the data. Data are categorised by assigning codes for the purpose of identifying patterns
and connections. Finally, themes and sub-themes in the data are identified and explained.
•

Data Set 3: Case Studies of End-Users

This data set include qualitative data, quantitative data as well as information in the form
of photographs. It mainly includes the outcome of the end-users (owners) interviews.
Interviews were transcribed and categorised to identify themes and sub-themes in the data
set. The short survey outcome was presented in one chart. Logic models were produced
for each case study.
The outputs of the initial analyses of the results (e.g. Excel tables, coding of themes,
references to interview and survey questions) were added to appendices to keep this
chapter as concise as possible.

117 | P a g e

6.2
6.2.1

Public Survey Results
Presentation of Sampling

This survey used a convenience sample of the public. Participants from urban and rural
areas responded throughout the UK. Eligibility criteria require that the age of individuals
be greater than 16 years. Because all questions were required to be answered via the
online survey tool, no questionnaire was excluded. Therefore, sample size n=308.
6.2.2

Descriptive Analysis of Different Questions Types

Different types of questions were used in this survey as explained in Table 16. The first
and basic step to produce a descriptive analysis is to find Frequencies (Counts) and/or
Percentages. The method(s) that were used for each type of question is explained here.
In a grid/rating scale question (e.g. question 1), participants were asked to evaluate a
statement with options balanced around a neutral option. A COUNTIF function is used
in Excel to count the number of times a particular option appears. Percentages of counts
of occurrence of each answer were also calculated. Counts and percentages are used to
create charts of the distribution of opinions across the sample.
In a checkbox question (e.g. question 6), participants could make one or more selection.
Data are exported to an Excel sheet. This data have been transformed with power query
In multiple-choice questions, a count of each possible answer is calculated using the
COUNTIF function. Percentages of counts are also calculated. Charts were created
afterwards. For textboxes questions, answers are interpreted as in questions 46 and 33 of
the survey.
6.2.3

Statistical Measures and Tests

Potentially, in analysing and describing responses in surveys, it could be possible to draw
some conclusions from counts and percentages. However, statistical measures and tests
could be applied to assure confidence in the results and avoid just guessing. Importantly,
it provides richness to the data and allows the researcher to understand the data deeply by
deriving more detailed information from the statistics (McHugh, 2013). There are
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common statistical analysis tests the researcher would choose from as they are making
their decision about the research process.
Before choosing a specific statistical test, it is important to understand the type of data to
be analysed. In the field of statistics, the data collected from surveys can be classified into
different levels of measurement. These types of data are grouped as: (1) Nominal Data,
which is also called Qualitative Data, represent categories without any numerical
representation such as, a word, text or codes. If responses are coded for analysis purposes,
in this case, numbers do not imply order; (2) Ordinal Data have a meaningful order but
the intervals between the variables on the scale might not be equal and cannot be
measured; and (3) Interval/Ratio Data are quantitative data that can be measured by
numbers which are integers (of discrete values) or fractions (of continuous values) in
which a meaningful order between variables exist. Interval data present difference
between values in the data but no true zero. Ratio data present difference between values
but true zero exist. Also, when working with ratio data only, the ratio of two values in
data has a meaningful interpretation such as weight and length. However, interval data
cannot be treated in ratios, for example, a temperature of 20 degrees C is not as twice as
10 degrees C (Allen and Seaman, 2007). A reference to questions in the survey is made
according to the produced type of data, as in Table 18.
Table 18 Types of the Data Collected from the Survey
Type of Data collected

Description

Reference Question(s) in
the Survey

(1) Nominal Data

Qualitative / Categorical /

6, 7, 9, 11, 16, 20 to 26,

No order / Nonparametric

(part of 29), 32, 34, 35, 37
to 40, 44, 46 to 48

(2) Ordinal Data

Qualitative / Categorical / 1 to 5, 8, 10, 12 to 14, 17 to
Ranked

but

differences 19, 27, 28, (part of 29), 30,

between categories are not 31, 42, 43
measured / Nonparametric
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(3) Interval/
Data

Ratio Quantitative

/

Metric

/ 15, 36, 41, 45

Numerical / Parametric / Of
discrete

or

continuous

values
The different types of data are analysed using different statistical measures and tests. In
working out what statistics to use in analysing data, there are some underlying
assumptions about the collected data that dictate whether one should use parametric or
nonparametric statistics approaches.
The parametric statistics approach is based on the data set that follows certain
assumptions called parameters. The sample should meet all the assumptions. Most
importantly, the data should consist of values on an interval or ratio level of measurement
(type 3 as mentioned in Table 18). It also has to approximately resemble a normal
distribution of the values of the collected data (Corder and Foreman, 2014). When one or
neither of the assumptions are met, nonparametric approach in analysing data can be
followed.
As presented in Table 18, most of the collected data fit into the first two types (nominal
and ordinal). A nonparametric statistics approach, based on the rank, range or median, is
appropriate for these types of data. Distribution-free methods such as tabulation,
frequencies, contingency tables and chi-squared statistics could also be applied to process
the categorical data set (Allen and Seaman, 2007; Sullivan and Artino Jr, 2013).
Murray (2013) proved that conducting parametric and nonparametric statistics to an
ordinal type of data does not affect the conclusions drawn from the results of these
analytical procedures. In contrast, Allen and Seaman suggest that parametric tests are
invalid for this type of data and could lead to misleading conclusions (2007). A
nonparametric approach of analysis is adopted in this research. The common statistical
analysis tests that can be used in this research are listed and explained below.
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Describing Frequency
The Frequency is the number of occurrences of a particular value in a data set (calculated
in counts), while the Relative Frequency is the proportion or percentage of the share of
one value in relation to a whole population (Australian Bureau of Statistics (ABS), 2013).
These are applied to nominal data and ordinal data. Distribution free methods of analysis
such as frequencies statistics are appropriate for analysing ordinal data (Allen and
Seaman, 2007).
Describing Correlation
A Contingency Table (also known as cross-tabulation) is a table that combines data of
one variable in rows and another in columns, used to explore the relationships
(correlation) between the two or more dimensions of variables (Agresti and Kateri, 2011).
These tables could be produced using pivot tables in Microsoft Excel. They could then be
analysed using chi-square test, as described next.
Chi-Square Statistics Test for Independence
The chi-square test is used for the analysis of contingency tables. The Chi-square is a
significance statistic test. Chi-square tells if the difference between two sets of data (of
equal size or unequal size of study group sample) is significant or not. It is also common
to use this test to find any inferential statistics especially when data are derived for
convenience rather than randomness. For example, it can be used to find out a gender gap
and the difference in preferences of males and females. A condition of completely
independent groups must be met before applying this test. In addition, data should be in
frequencies or counts of cases rather than percentages. (McHugh, 2013). In this research,
Microsoft Excel is used to apply the test using the formula CHITEST(actual_range,
expected_range). Firstly, expected frequency counts are calculated then Chi-Square
statistic is applied (Microsoft, 2007). The statistic produces the P-value which shows that
there is an evidence of difference in the data when p-value is less than 0.05 and no
difference when p-value is greater than 0.05. (McHugh, 2013). This test can be applied
to analyse ordinal data (Allen and Seaman, 2007). The chi-square test is applied in Section
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6.2.4v. The results are presented in textual, tabular, and graphical forms as in Section
6.2.4 and discussed later in Chapter 7.
6.2.4
i.

Survey Results
Beliefs about the UK’s climate change and energy (Q1 to 5)

Before approaching the concept of beliefs about energy technologies and fuel cells, it is
necessary to make some clarifications concerning the beliefs about the more general
concepts of climate change and energy. Beliefs in Section A of the survey have been
grouped into beliefs about the existence of problems, who would take appropriate actions
in resolving these problems (key players), and what sort of solutions could be adopted to
help in this case.
Beliefs about the existence of climate change and energy problems
The first step in solving a problem is to recognise that it does exist. As shown in Figure
31, respondents had a high level of agreement on the existence of climate change
problems. The percentage of respondents indicating “agree or strongly agree” was 83%.
The percentage decreased for their beliefs on the existence of energy problems to 62%.
Energy problems include several aspects about use and cost of energy as mentioned in
Section 2.2 about the prices of fuels, the exhaustion of fossil fuels, etc.
However, this can mean different aspects to different respondents to the survey. It is quite
challenging to include detailed questions about those different aspects as the survey
questionnaire gets longer. Contrariwise, minorities denied the existence of such problems
for climate change and energy. The percentage of respondents’ views of “disagree and
strongly disagree” accounts for 4% and 8% respectively – refer to question one and two
of the survey in Appendix D.
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Figure 31 The Extent of Agreement on the Existence of Climate Change and Energy
Problems in the UK (Q1 and 2)
Beliefs about the key players in addressing climate change and energy problems
According to respondents’ beliefs, collective action and joint endeavours of individuals,
governments, and scientists must be found to protect the environment. As illustrated in
Figure 32, over 90% of respondents expressed an opinion “agree or strongly agree” that
individuals and governments support a major role for addressing climate change
problems. A slightly less percentage (83%) agreed and strongly agreed that scientists
should deal with climate change problems. About 90% denied that “no one should take
action about dealing with climate change – refer to question three of the survey in
Appendix D.
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We (individuals) have a duty to take action on climate change
Governments have a responsibility to protect the environment
Scientific and technological advances should deal with climate change
No-one has a particular responsibility to deal with climate change

Figure 32 The Percentage of Respondents Who Say Each of these Groups Should Have
a Major Role in Taking Action Against Climate Change Problems (Q3)
In a similar pattern to addressing climate change, majorities of respondents’ believed that
collaborative work among all groups is necessary for taking action against energy related
problems. Where in this case, as shown in Figure 33, governments were ranked as key
players (91%), followed by scientists (86%) and then individuals (81%) –refer to question
4 of the survey in Appendix D.
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We (individuals) have a duty to take action on energy problems
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No-one has a particular responsibility to deal with energy problems

Figure 33 The Percentage of Respondents Who Say Each of these Groups Should Have
a Major Role in Taking Action Against Energy Problems (Q4)
Beliefs about what can make a difference in addressing climate change and energy
problems
As shown in Figure 34, respondents highly advocated the need to retrofit existing
buildings by 91% of “agree and strongly agree” stated. Energy efficiency was also a
crucial aspect to adopt in contributing to national sustainability by 88% of “agree and
strongly agree” stated. 70% of respondents were in favour of the use of renewable
energies to effectively replace the currently used fossil fuels, 14% neutral and 10%
disagreed that renewable energies are favoured – refer to question five of the survey in
Appendix D.
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Figure 34 Beliefs about what can make a difference in addressing climate change and
energy problems (Q5)
In summary, these results show that the majority of sample recognised the existence of
climate change and energy problems. There is a firm consensus of opinion among the
sample that governments, individuals and scientists should collaboratively work together
to deal with climate change and energy problems. They even tend to take very high
responsibility for taking action on climate change problems. Retrofitting of existing
buildings and adopting energy efficiency were the most two effective actions to be taken.
ii.

Adopting a New Energy System (Q6 to 9)
Results of Section B of the survey review the role of potential end-users in shaping the
transition to new energy systems by exploring their attitudes towards the adoption of new
energy systems. A new energy system (as perceived by end-users (the public) and not
necessarily to experts or policy makers) is explained in a note added at the beginning of
the set of questions in this section. The survey refers to a hypothetical new system that
offers potential improvements (a novel system).
For understanding the motivations for adopting a new energy system, respondents were
asked, in question six of the survey, to check off all the choices that apply to them instead
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of being forced to choose just one. “Other” answer option was added to give respondents
the chance to add their own custom response. Most of these comments were written about
if tenants are allowed to make any changes in their property and if landlords would accept
it.
Two-thirds (68%) of respondents said that they will adopt a new energy system “if the
new system protects the environment and it is affordable”. This category combined two
aspects about protecting the environment and about affordability. It would have been
better to split the aspects in two categories. Therefore, the information from the responses
on this category is not considered. An almost equal share of 67% said that they will adopt
it “If the new system saves me money”. These answers overlap by 30% with their choice
of “When my current system stops working and needs to be replaced”. Over one-third
(37%) said: they will adopt a new system “if it makes them more comfortable” and (32%)
said: “when they move to a new house”, refer to Figure 35.

I will not consider it

1%

If the new system makes me more comfortable

37%

If the new system saves me money

67%

If the new system protects the environment
and is affordable

68%

When I move to a new house
When my current system stops working and
needs to be replaced

32%

45%

Figure 35 Under What Circumstances Would End-Users Consider Adopting a New
Energy System? (Q6)
In response to question seven of the survey, respondents seem to value factors other than
cost when adopting a new energy system. Some 39% of respondents said that cost will be
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the only factor influencing the adoption of a new energy system, while the rest (61%) said
that it is not. This demonstrates a linkage to the previous finding in Figure 35 that
protecting the environment is an important aspect to be considered.
As shown in Figure 36, just over half 56% agree and strongly agree that new types of
energy systems can be affordable. This corresponds to the findings explained above
considering several factors other than cost in the adoption of new energy systems – refer
to question eight of the survey in Appendix D.

Strongly disagree

2%

Disagree

7%

Neutral

21%

Agree

44%

Strongly agree

12%

Don't Know

14%
0%

10%

20%

30%

40%

50%

Figure 36 The Extent of Agreement on the Affordability of New Types of Energy
Systems (Q8)
However, roughly half of the respondents said that saving of “Money” is the main driver
to adopt a new energy system (46%). The other half said they are good for saving the
“Environment” and “Energy”. This still aligns with previous results that other factors are
considered by the sample in their choice of new energy technology systems, as shown in
Figure 37– refer to question nine of the survey in Appendix D.
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Figure 37 Proportion of Responses on the Main Driver to Adopt a New Energy System
(Q9)
The sample is willing to adopt new energy systems as long as they are affordable. Saving
money would be an important driver for adoption. But, in the sample’s views, there is a
considerably high willingness to save the environment.
iii.

Describing the New Energy System (Q10 to 27)

Section C of the survey explores the potential factors that might be influencing the endusers’ decision making. As illustrated in Figure 38, almost half of the respondents
preferred an energy system size not bigger than a washing machine. This works in with
the currently available size of fuel cells in the market – refer to question ten of the survey
in Appendix D. Exactly equal shares of the preferences of the location of the installation
were found in response to question eleven. Approximately half of the respondents (46%)
preferred it to be installed inside their property, while the other half (46%) preferred it to
be installed outside their property.
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45%
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Figure 38 The Largest Preferred Energy System Size (Q10)
Nowadays people resort to social media in order to retrieve information that can help
them find products and make buying decisions, for example, using the Google search
engine to read reviews about the product. However, as demonstrated in Figure 39, social
media was the least effective (28%) to influence adoption. In contrast, roughly threequarters of respondents stated that personal recommendation from family and close
friends are “significant” and “very significant” to them. A “respectful brand name” (47%)
and “knowing of many people who installed it” (44%) are also important factors to
adopters - refer to question twelve of the survey in Appendix D.

I respect the brand name of the system 4% 13%
I get personal recommendation from family and close
4%
friends
I know about the system from the media (TV, radio..
4%5%
etc.)
I know of many people who have the same system 4% 12%

34%
32%

26%
35%

24%

32%
32%

14%
15%
23%

25%

17%

9%

10% 4%
13%
11%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Don't know

Very significant

Significant

Moderately significant

Slightly significant

Not significant

Figure 39 Recommendations Based on Different Aspects of Influences in Social
Networks and Media (Q12)
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Interestingly, as shown in Figure 40, the majority (66%) of respondents were willing to
pay more for the new system when “it does not harm the environment”. A roughly similar
percentage (63%) when “It makes me more comfortable” and (62%) when “It comes with
an extended warranty” - refer to question thirteen of the survey in Appendix D.

It makes me more comfortable 2%
It is independent of the electrical power
grid

12%

It comes with an extended warranty 1%

It has an attractive appearance 1%5%

It does not harm the environment 1%
0%

Don't know

Very significant

29%

Significant

34%

18%

20%

30%

21%

18%

41%

14%

20%

15%

21%

25%

34%
40%

Moderately significant

31%

19%
60%

8%

12% 4%

24%

32%

9% 6%

11% 3%

80%

Slightly significant

100%

Not significant

Figure 40 Sample Motivations to Pay More for the New Energy System Than for the
Currently Installed One (Q13)
In response to question fourteen, respondents highly valued, (81%) of “significant” and
“very significant”, the reduction of their energy bills by two-thirds.
As presented in Figure 41, the majority of the sample (64%) are willing-to-pay around
£1,000 over the price for installing the currently available alternatives - refer to question
fifteen of the survey in Appendix D. Comparing this value to the price of 1kW fuel cell
CHP and a more standard energy system such as a gas boiler, as mentioned in Section
3.4.2, the difference in the price is around £2,413 more for purchasing a 1 kW fuel cell
CHP. Therefore, the current price is around £1,413 higher than the acceptable difference
to pay, according to the sample in the survey. The gas boiler is considered as a
metaphorical alternative as the currently proposed system combines two units: fuel cell
CHP and a gas boiler to cover the demand of electricity and heat.
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Figure 41 Willingness-to-Pay More for the New Energy System by the Sample (Q15)
A large majority of respondents (85%) considered reductions in running cost as their
preference. In contrast, only 15% would prefer a reduction in the initial cost of the energy
system, as shown in Figure 42- refer to question sixteen of the survey in Appendix D.

Reduced initial cost of
purchase

15%

Reduced running cost
(i.e. energy bills and
maintenance costs)

85%

Figure 42 Proportion of Responses on Preferences of the Sample for Cost Reductions
(Q16)
Responses to question seventeen of the survey showed that three-quarters of respondents
agree and strongly agree that new technologies can create new jobs. In question eighteen,
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most respondents (68%) rate the influence of the reduction of carbon emissions by onetenth as significant and very significant.
In response to the preferred type of fuel in question nineteen, respondents ranked them as
shown in Figure 43. However, when the proportions of “Happy” and “Very Happy” were
summed up and the proportions of “Unhappy” and “Very Unhappy” were also summed
up, the ranks of fuel preferences indicated in Table 19 the “happy to use groups” and the
“unhappy to use groups” portions. A majority of the sample (44%) prefers biomass as
their fuel to be used for producing energy. Another preference is shown for using
hydrogen over mains gas and the other options with a proportion of (41%). And coal is
the least favoured. The unhappy group ranked coal and oil as the unhappiest with, and
hydrogen and nuclear fuel as the least unhappy with. Some of these ranks are surprising,
especially for hydrogen fuel, which may be attributed to the high education level of
respondents, as discussed later in section v.
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31%
20%
Happy

30%

40%

Neutral

11%
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Figure 43 Proportion of Responses on Preferences for the Use of Several Types of Fuels
on a 5-Point Scale by the Sample (Q19)
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Table 19 Rank of the Preferences for the Use of Several Types of Fuels (Q19)
Happy
Biomass
Hydrogen
Mains gas
Nuclear Fuel
Bottled gas
Oil
Coal

1
2
3
4
5
6
7

44%
41%
29%
19%
13%
13%
6%

1
2
3
4
5
6
7

Unhappy
Coal
Oil
Bottled gas
Biomass
Mains gas
Nuclear Fuel
Hydrogen

73%
57%
48%
30%
26%
20%
15%

While, there is a broad belief in responses to questions twenty to twenty-six that new
energy systems are clean (68%), safe (67%), efficient (66%), renewable (60%), and
convenient (55%). A smaller share of the sample (25%) believe that they are cheap, refer
to Table 20.
Table 20 General Values about New Energy Systems (Q20-26)
Category
Resource type
Novelty
Efficiency
Safety
Cost
Cleanliness
Convenience

1-Resource depleting
1-Conventional
1-Inefficient
1-Safe
1-Cheap
1-Dirty
1-Inconvenient

9%
22%
8%
67%
25%
5%
9%

Sub-Categories %
2-Renewable
60%
2-Novel
43%
2-Efficient
66%
2-Unsafe
3%
2-Expensive
39%
2-Clean
68%
2-Convenient
55%

3-Don't
3-Don't
3-Don't
3-Don't
3-Don't
3-Don't
3-Don't

know
know
know
know
know
know
know

31%
35%
25%
30%
37%
27%
36%

Several factors that affect the adoption of new energy systems were examined in question
27 as shown in Figure 44. As indicated in Table 21, large majorities, of more than threequarters, of the sample perceive new energy systems which are “Too expensive” (83%),
with which there is “Uncertainty of performance and reliability” (82%), which have
“Safety concerns” (79%), with which there is “Restricted availability of fuel and supply
infrastructure” (76%), and “Lack of accessible information” (77%) are less likely to be
adopted. A slightly less share was given to energy systems with which there is “Noise”
(71%), “Difficulty in finding good installers” (68%), and “Restricted availability from
suppliers” (62%). Those are less influenced by introducing “Ugly and large sized units”
(49%), by comparison.
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Figure 44 Factors that Influence the Adoption of New Energy Systems by Users (Q27)
Table 21 Factors of Significant Influence on the Adoption of New Energy Systems by
Users (Q27)

"Very significant" or "Significant" Rating
Too expensive
Difficulty in finding good installers
Uncertainty of performance and reliability
Noise
Ugly and large sized units
Restricted availability from suppliers
Safety concerns
Restricted availability of fuel and supply infrastructure
Lack of accessible information

83%
68%
82%
71%
49%
62%
79%
77%
76%

A size of no bigger than a washing machine (the currently available size of fuel cells in
the market) is broadly accepted by adopters. Opinions about the location of installation
(inside or outside the property) of the energy system were equally divided. Personalised
recommendations were highly considered by the respondents, while, interestingly, they
tend not to rely so heavily on the media. Environmental friendliness, comfort and
extended warranty were highly valued by adopters and these characteristics of a new
energy system would encourage them to pay more. The sample, as a whole, sides to
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significantly consider adopting a new system which reduces their energy bills by twothirds. It is recommended that the extra cost of a new energy system does not exceed
£1,000 with incentives regime that supports savings on the running costs. This scenario
closely aligns with the pre-existed FiT scheme.
iv.

Overall Evaluation (Q28 to 33)

Section D of the survey examines the general acceptance of the survey sample as potential
end-users in adopting the proposed energy system, fuel cell CHP, in their homes. As
shown in Figure 45 , about two-thirds of the sample consider a new system which is the
same size as a washing machine and reduces energy bills and carbon emissions as a
suitable solution for energy and climate change issues and they showed an interest in the
adoption of the system in their homes. More than two-thirds (71%) of the sample would
recommend it to their family and friends - refer to question twenty-eight of the survey in
Appendix D.

I would recommend it to my family and friends

7%

27%

I would adopt it in my own home 5%

28%

I consider it to be a suitable solution for energy
2%
and climate change issues

32%

44%

19% 1%
1%

47%

16% 3%
1%

49%

15% 1%
1%
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Agree
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Disagree
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Figure 45 The Extent of Agreement in the Sample on Statements about the Adoption of
the New Energy System (Q28)
One-in-three people (34%) would adopt the new energy system when their current
systems break down. The remaining respondents have set a timeframe for their adoption.
At least, 21% have said they would adopt it immediately. An additional 30% expressed
their interest in the adoption in 1 to 2 years. Few (8%) said in 3 to 4 years’ time. And,
even fewer (4%), said in 5 years or more, as in Figure 46 - refer to question twenty-nine
of the survey in Appendix D.
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more

Figure 46 Timeframe for the Adoption of the New Energy System by the Sample (Q29)
Results depicted in Figure 47 , not surprisingly, showed that the level of significance
attributed to each type of energy systems concerns the level of popularity of such systems
and their familiarity as well. “Solar PV”, “Solar hot water”, and “Wind turbine” took the
lead with 70%, 68% and 67% respective shares of “Very significant” or “Significant”. A
slightly less share (64%) has been given to “Hydro-electricity”. A similar share (41%)
was given for “Heat pump” and “Improved gas boiler”. And, the least share was given to
the “Fuel cell” - refer to question thirty of the survey in Appendix D.
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Solar hot water

13%

Hydro-electricity

33%

15%

Solar PV

29%

12%

Heat pump
Fuel Cell
12%
10%
0%
Don't know

25%

29%

Very significant

20%

30%

Significant

14%

5%2%

6% 3%

18%

7% 3%
12%

34%
40%

50%

18%

60%

Moderately significant

5%1%

21%

31%

33%
10%

5%1%

12%

29%
11%

12%

13%

34%

13%

36%

Wind turbine

35%

36%

29%

Improved gas boiler

34%

70%

80%

Slightly significant

3%
5%1%

90%

100%

Not significant

Figure 47 The Extent of Agreement in the Sample that Adopting these New
Technologies will Contribute to Solving Climate Change and Energy Issues (Q30)
The trend of unfamiliarity increases for fuel cells as shown in Figure 48. Only 16% of the
sample are “Very familiar” and “Familiar”. A similar share (17%) are somewhat familiar.
30% are not familiar. And, more than one-third (37%) “Never heard of a fuel cell” - refer
to question thirty-one of the survey in Appendix D.
40%
35%
30%
25%
20%

37%

15%

30%

10%

17%
10%

5%
6%
0%
Very familiar

Familiar

Somewhat
familiar

Heard of it but Never heard of a
not familiar
fuel cell

Figure 48 The Level of Familiarity with Fuel Cell Energy System in the Sample (Q31)
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Question 32 in the survey concerns the likely hood of adoption behaviour. While, the
survey shows the majority (57 percent) of respondents would be more likely to adopt a
fuel cell, only a few (6%) said they are not willing to adopt a fuel cell. 36% could not
decide yet, as shown in Figure 49 - refer to question thirty-two of the survey in Appendix
D.

36%

Yes
No

57%

Don't Know

6%

Figure 49 The Willingness to Adopt Fuel Cells by the Sample (Q32)
Respondents to the survey indicated high levels of overall satisfaction with adopting fuel
cells at their properties. A high majority of respondents agreed or strongly agreed that
fuel cells would be adopted as a suitable solution for the environmental problems and that
they would recommend it to their close network. Therefore, they considered it to meet
their needs. Just over a half are considering adopting fuel cells in 2 years or less time.
Although fuel cells were the least known amongst the available new energy systems, and
that the level of familiarity with the fuel cell is less than 20%, a considerable share of the
sample confirmed the interest to adopt such systems themselves.
Comments Associated with the Overall Evaluation
Final comments by respondents included bureaucratic and political constraints which are
fundamental to resist the change of current energy sector to renewable energy.
Respondents are interested to know more about the payback period and actual evaluation
of post-occupancy. Also, information on the user versus the use of new technology is
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highly recommended, especially about safety. The tariff offered in association with the
use of new energy systems is a main driver for making a change in the energy sector.
Reliability and durability are crucial to avoid economic speculation about new energy
systems. There was a lot of concern about the future supply of energy after fossil fuel has
gone.
v.

Representation of Sample Demographics and the Wider Population (Q34 to
46)
At the end of the survey, in sections E and F, respondents were asked demographic
questions about themselves and the home they live in. A demographic breakdown is
shown in the following figures and explained subsequently.
Distribution of Sample by Gender
The percentages of males and females were almost equal - refer to question forty of the
survey in Appendix D and Table 22.
Table 22 Distribution of Sample by Gender (Q40)
Gender Group

Sample Size (N)

Percentage

Male

140

45%

Female

162

53%

Prefer not to say

6

2%

Distribution of Sample by Age Group and Gender
The stacked chart in Figure 50 presents information about the distribution of the
demographics of the sample. It has shown almost an equal representation of males and
females. It is obvious that the distribution of age groups data set is right-skewed, where
age composition tends to emphasise the concentration of the sample in particular younger
age groups of under 44 years old. However, this age group of respondents might be more
forward looking in many aspects of their lives. As well as in business planning or
forecasting, younger generations might have a forward-looking view, which is the focus
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of this research - refer to questions forty and forty-one of the survey in Appendix D and
to Contingency table for Q40 and 41 in Appendix G - Table 46.
60%
50%
40%
30%
20%
10%
0%
16 to 24

25 to 34

35 to 44
Male

45 to 54

Female

55 to 64

65 to 74

75 or older

Prefer not to say

Figure 50 Distribution of Sample by Age Group and Gender (Q40 and 41)
Answers of questions 42 and 43 were used to create Figure 51. Even the results showed
that the participants were primarily highly educated, nearly half of the participants hold
higher degrees, nevertheless, their answers to question thirty-one of the survey, about
specifying the level of familiarity with fuel cells, revealed that the highly educated
participants had little knowledge about fuel cells. 65% had a below-average level of
familiarity by ticking (Never heard of a fuel cell, Heard of it but not familiar, and Don’t
know) options. This percentage is very close to the overall percentage for all participants,
which is 67%. In addition, in answers to questions twenty to twenty-six, on average, 27%
of the participants who had higher degrees had answered “Don’t Know”, in which they
were not able to describe the newly developed energy technologies. Hence, education
demographics may not have influenced a strong bias in the responses to this survey.
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3%2%
Apprenticeship

9% 1%

31%
33%

Degree or a professional
qualification
High school or below
Higher degree

53% 47%

10%

Prefer not to say

11%

Figure 51 Distribution of Sample by the Highest Level of Education of the Participant
(Outer Ring) and Head of Household (Inner Ring) (Q42 and 43)
The responses to question forty-six of the survey were used to sketch the geographical
distribution of participants as illustrated in Figure 78 in Appendix D. The output shows
locations distributed throughout the UK with greater density in the major cities of
Scotland (Edinburgh and Glasgow) and in England (London, and Manchester).
A majority of respondents (49%) are living in self-contained flats. Roughly a similar share
is living in a house or bungalow. A few (11%) are living in shared facilities, as illustrated
in Figure 52- refer to question thirty-four of the survey in Appendix D.

11%
House or bungalow

41%
Self-contained
flat/apartment

49%

Residence with
shared facilities

Figure 52 Survey Participants' Property Characteristics (Q34)
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The sizes of the properties were sorted by the number of rooms then grouped into three
categories as shown in Figure 53 - refer to question thirty-six of the survey in Appendix
D.

27%

35%

Small Size Property
(≤2 rooms)

Medium Sized
Property (3-4 rooms)
Large Sized Property
(≥6 rooms)

38%

Figure 53 Survey Participants' Size of Property (Q36)
The majority (71%) of respondents use gas for their heating systems. Some (18%) use
electricity. A few (2%) use renewable energy. And, (8%) do not know, as shown in Figure
54 - refer to question thirty-seven of the survey in Appendix D.

2%

2%
8%
Gas

18%

Electricity
Oil
Renewable Energy

71%

Don't know

Figure 54 Sample Households’ Heat Supply Type (Q37)
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As for electricity supply, the majority of respondents (76%) get their electricity solely
from a power supply company. Only (8%) have supplemented it locally with another
power generation system. And, (16%) do not know, as shown in Figure 55 - refer to
question thirty-eight of the survey in Appendix D.

Solely from a power
company

16%
8%

From a power company but
supplemented by locally
generated electricity (e.g. PV
panels, wind turbine,.. etc.)
Don't know

76%

Figure 55 Sample Households’ Electricity Supply Type (Q38)
Most of the respondents (48%) have no plans for any change over the next 2-5 years.
(25%) have plans for improvement. And, a similar share (27%) do not know, as shown in
Figure 56 - refer to question thirty-nine of the survey in Appendix D. Most probably the
group who have not determined because they would do that when the need for change
becomes essential.
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25%

27%

Yes
No
Don't know

48%

Figure 56 Improvement Plans of Sample Households’ Energy Aspects over the Next 2-5
Years (Q39)
Half of the participants (50%) are employed, working full-time. (20%) are working parttime. (15%) are not working but looking for work and the remaining (16%) are not
looking for work, either because they are students, disabled or retired, as shown in Figure
57 - refer to question forty-four of the survey in Appendix D.

0%

2%
Employed, working full-time

14%
50%

15%

20%

Employed, working parttime
Not employed, looking for
work
Not employed, not looking
for work
Disabled, not able to work
Retired

Figure 57 Survey Participants’ Employment Status (Q44)
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Equal representation of males and females has been achieved. Although participants had
high education levels, that could be acceptable because respondents had little background
knowledge about fuel cells and therefore, the influence on their responses could be
minimal. Respondents tend to represent younger age groups, however, this can be useful
for forward-looking planning.
The sample representation of the wider population (individuals of the public of 16 years
and over living in the UK) is discussed in terms of the collected demographic of the
sample with the available UK national census issued by the Office for National Statistics
(ONS) to date. Table 23 presents several categories of data. In terms of gender, data of
question 40 in the survey is compared to population and households estimates data (ONS,
2012). The comparison shows that representation of the sample and population of both
groups of males and females are almost identical with only 2% difference in each
category.
Age groups of the sample as appeared in question 41 in the survey is compared to the
ONS census on population and households estimates data (ONS, 2012). The difference
in categories, as shown in Table 23, shows that most of the sample is focused on younger
age groups with about 21% more in the age group 25 to 34 years old and 6% more in 35
to 44 years old. As mentioned earlier in the analysis of demographics that younger sample
could be useful for the future outlook planning of energy systems.
The highest qualification data of the sample, as in question 42 in the survey, is compared
to the highest level of education of the UK population from ONS data (ONS, 2019). The
sample notably represents highly qualified people with a 44% increase versus the wider
population. Although participants of the survey had little knowledge about fuel cells,
however, it is believed that this sample possibly produces some bias in results. For
example, as it appeared in responses to question 19 about using different fuels, where
hydrogen is found to be the second favourite fuel for use in the future.
The annual household income as appeared in question 45 of the survey is compared to
the annual household income of ONS data (ONS, 2020). The difference shows a higher
representation in the sample of less than £10,000 household income. This outcome
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corresponds to the representation of younger age groups in the sample, possibly of
students working part-time providing minimal funds during that period.
Table 23 Sample Representation with Reference to the UK Population
Population
Number
%

Sample
Number
%

Difference
%

Gender (Q40)
Male
24,642,000
Female
25,985,000
Age Group (Q41)
16 to 24
8,041,000
25 to 34
8,189,000
35 to 44
8,566,000
45 to 54
8,490,000
55 to 64
7,228,000
65 to 74
5,335,000
75 or older
4,779,000
Highest Qualification (Q42)
Apprenticeship
5,299,343
Degree or a professional qualification
9,303,278
High school or below
24,504,995
Higher degree
3,907,451
Prefer not to say
445,978
Annual Household Income (Q45) (thousands)
Less than £9,999
1,444
£10,000-£19,999
11,916
£20,000-£29,999
17,312
£30,000-£49,999
22,323
£50,000-£79,999
9,434
£80,000 or more
2,744

48.7%
51.3%

140
162

46.4%
53.6%

-2.3%
2.3%

15.9%
16.2%
16.9%
16.8%
14.3%
10.5%
9.4%

60
117
72
33
21
4
1

19.5%
38.0%
23.4%
10.7%
6.8%
1.3%
0.3%

3.6%
21.8%
6.5%
-6.1%
-7.5%
-9.2%
-9.1%

1.3%
31.2%
11.0%
53.2%
3.2%

-10.9%
9.8%
-45.3%
44.3%
2.2%

23.4%
20.1%
18.8%
19.5%
11.4%
6.8%

21.2%
1.8%
-7.7%
-14.8%
-3.1%
2.6%

12.2%
21.4%
56.4%
9.0%
1.0%
2.2%
18.3%
26.6%
34.3%
14.5%
4.2%

4
96
34
164
10
72
62
58
60
35
21

The percentage of employed people in the sample (Question 44 in the survey) is 70% for
both working in full-time and part-time modes. This percentage (70%) is identical to the
percentage of employed UK residents (ONS, 2017).
vi.

Chi-Square Statistics Test
This test is applied as explained in Section 6.2.3 to find out the difference in preferences
of groups of different: (1) gender; (2) level of education; and (3) income.
•

Chi-Square Test-1 (Adoption and Gender)
The contingency Table 24 is created first. The values of “prefer not to say” are
excluded in the test (total 6 values). Then, expected values in Table 25 are calculated.
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Afterwards, a CHITEST in Microsoft Excel is performed and p-value is found to be
equals 0.132 which is greater than 0.05. Therefore, applying chi-square test to the two
sets of data for questions 32 and 40 revealed that there is no significant difference
between the different groups.
Table 24 Contingency Table for Chi-Square Test-1 (Adoption and Gender)
Counts
Yes
No
Don't know
Total

Male
89
9
42
140

Female
85
11
66
162

Prefer not to say
2
0
4
6

Table 25 Expected Values for Chi-Square Test-1 (Adoption and Gender)
Expected
Yes
No
Don't know
Total
•

Male
81
9
50
140

Female
93
11
58
162

Chi-Square Test-2 (Adoption and Income)
Contingency Table 26 is created. Then, the expected values in Table 27 are calculated.
Afterwards, a CHITEST in Microsoft Excel is performed and the p-value is found to
be equals 0.967 which is greater than 0.05. Therefore, applying the Chi-square test to
the two sets of data for questions 32 and 45 revealed that there is no significant
difference between the different groups.
Table 26 Contingency Table for Chi-Square Test-2 (Adoption and Income)
Counts
Yes
No
Don't
know
Total

Less than
£9,999
44
5
23

£10,000£19,999
34
3
25

£20,000£29,999
32
5
21

£30,000£49,999
33
4
23

£50,000£79,999
20
3
12

£80,000 or
more
13
0
8

72

62

58

60

35

21
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Table 27 Expected Values for Chi-Square Test-2 (Adoption and Income)
Less than
£9,999
Yes
No
Don't
know
Total

•

£10,000£19,999

£20,000£29,999

£30,000£49,999

£50,000£79,999

£80,000
or more

41
5
26

35
4
23

33
4
21

34
4
22

20
2
13

12
1
8

72

62

58

60

35

21

Chi-Square Test-3 (Adoption and Level of Education of Participants)
Contingency Table 28 is created. The values of “prefer not to say” are excluded in the
test (total 10 values). Then, the expected values in Table 29 are calculated.
Afterwards, a CHITEST in Microsoft Excel is performed and the p-value is found to
be equals 0.074 which is greater than 0.05. Therefore, applying the Chi-square test to
the two sets of data for questions 32 and 42 revealed that there is no significant
difference between the different groups.
Table 28 Contingency Table for Chi-Square Test-3 (Adoption and Level of Education
of Participants)
Counts

Apprenticeship

High school or
below

Higher degree

3
1
0

Degree or a
professional
qualification
53
11
32

21
0
13

97
7
60

Prefer
not to
say
2
1
7

Yes
No
Don't
know
Total

4

96

34

164

10

Table 29 Expected Values for Chi-Square Test-3 (Adoption and Level of Education of
Participants)
Apprenticeship

Yes
No
Don't
know
Total

2
0
1

Degree or
professional
qualification
56
6
34

4

96

a High school or Higher degree
below
20
2
12

96
10
58

34

164
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•

Chi-Square Test-4 (Adoption and Property Size)
Contingency Table 30 is created. Then, the expected values in Table 31 are calculated.
Afterwards, a CHITEST in Microsoft Excel is performed and the p-value is found to
be equals 0.101 which is greater than 0.05. Therefore, applying the Chi-square test to
the two sets of data for questions 32 and 36 revealed that there is no significant
difference between the different groups.
Table 30 Contingency Table for Chi-Square Test-4 (Adoption and Property Size)

Yes
No
Don't
know
Total

Small
Size Medium
Property (≤2 Property
rooms)
rooms)
53
59
4
6
26
53
83

Sized Large
(3-4 Property
rooms)
64
10
33

118

Sized Total
(≥5
176
20
112

107

308

Table 31 Expected Values for Chi-Square Test-4 (Adoption and Property Size)

Yes
No
Don't
know
Total

Small Size
Medium Sized
Large Sized
Property (≤2 Property (3-4
Property (≥5
rooms)
rooms)
rooms)
47
67
5
8
30
83

43
118

61
7

Total
176
20

39
107

112
308

Overall, the performed Chi-Square tests show that no relationship exists on the
categorical variables in the sample (gender, income, level of education of participants and
the current property size of participants).
6.3

Interviews with Professionals Results

On completion of conducting the interviews, the process of interview analysis was carried
out as explained in Section 5.5.5. Interviews are recorded, transcribed and read many
times. The generation of codes and themes is done and then discussed in the general scope
of the research. According to Terry et al. (2017), the sample size is recognized in
qualitative research as long as the collected data produce accounts of patterns across the
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dataset. Results are reported in the following sub-section. ID numbers have been assigned
to participants to maintain confidentiality.
6.3.1
i.

Interviews Results
Interviews Participants

This part of the thesis explores the backgrounds of the professionals who took part in the
research and their areas of expertise and interest. Most of them stated that the information
represent their views more than the organisations’ approach. Participants in this research
group had started their career from a wide range of backgrounds and academic
engineering

disciplines,

including

electric,

electronic,

mechanical,

industrial,

biochemical, and environmental engineering. The group included professionals who had
moved directly into fuel cells related activities after completing degrees or doctorates,
as well as professionals who had several years of practical experience in other professions
before developing their interest in fuel cells. At the time of the interviews, participants
were at their mid to late-career stages.
The eligibility criterion for individuals who performed the interviews relates to their area
of expertise in fuel cells. All of the participants had considerable professional experience.
Several of them took part initially in the design and development of energy systems
including fuel cells. Some moved to consultancy and business development work after
having developed particular expertise in the engineering of fuel cells.
A total of 10 experts participated in the semi-structured interviews representing 10
different organisations. Participants were individually interviewed for 30-90 minutes so
as to get an in-depth understanding of their views on the uptake and development of fuel
cells. More details are mentioned in Table 32.
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Table 32 Interviewees’ List and Related Experience
ID

Organisation's

S.N.

Fuel Cells and

Designation

Participant's

Interview

Interview

Experience

Date

Duration

Energy Related
(Years)

Activities
I1

Consultancy,

(Minutes)

Managing Director

14

27/08/2016 90

Managing Director

25

16/02/2016 37

Manufacturing,

Director of Business

19

14/08/2015 33

selling,

Development

24

25/09/2015 30

13

25/08/2015 80

14

08/09/2015 30

13

10/09/2015 50

18

03/02/2016 47

design

and

implementation
I2

Consultancy,
supply, installation
and maintenance

I3

installation,

and

maintenance
(turnkey service)
I4

Manufacturing

Managing Director

I5

Development and CEO
deployment

I6

Consultancy

I7

Installation

Research Manager
and Group Director

maintenance
I8

Engineering
Consulting

I9

Vice

President

and Business

Design

Development

Engineering

Senior Consultant

18

09/02/2016 35

Chief

18

06/10/2016 45

Consulting

and

Design
I10

Manufacturing

Technical

Officer
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The fact that this research comes from a university, most of the interviewees were
transparent in conveying the message and their thoughts about the uptake and future
development of fuel cell CHP. Most probably because it was not considered a competitor,
interested in gaining insights into a business. In addition, the opinions of respondents
intersect and oppose in different ways (refer to the report on the findings is in Section ii).
Interviewees-4 and 10 are representatives of manufacturing companies. Therefore, they
are identified here as a distinct type of stakeholder as their opinions can differ in terms of
their interest in fuel cell activities.
ii.

Interviews Primary and Sub-Themes with Supporting Quotations
In this section, the current practice and views about fuel cell CHP among professionals
are investigated. Detailed findings from the interview process are set out to provide
further context to the uptake of fuel cell CHP (A. Technology Development), the
evaluation of the performance of fuel cell CHP (B. Fuel Cell CHP Performance) and the
practical actions identified from lessons learnt (C. Moving Forward). The thematic
analysis explained in Section 5.5.5 is applied, developing themes contained in the data.
The primary and sub-themes are outlined consecutively below for each part of the
interview. Figure 78 in Appendix (E) illustrates a sample of text coding using Microsoft
Word and Table 45 in Appendix (E) shows a sample of text coding using Microsoft Excel.
In both methods of using Microsoft Word and Microsoft Excel, keywords are looked for,
repetition is identified along with the general agreement or disagreement among the
sample group of interviewees. It is believed that if responses become more consistent
across the sample, data become more reliable. For example, consistency became evident
with topics about major challenges, such as cost and local market supply, also, about
technology and maturity. Drivers were also related to the feed-in-tariff and internal
funding schemes. This can assure an appropriate level of validity in the research data.
A keyword analysis is performed as illustrated in Table 33. An overall opinion amongst
professional about fuel cell CHP is that current models are ready but ongoing
development is needed. The technology is expensive and that is the main challenge for
the uptake, which is patchy and slow and there is a general feeling that the application in
the domestic sector failed. On the other hand, fuel cell CHP are seen as very efficient by
which the efficiency of energy production can be doubled.
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Shared homes or Housing associations
The Unmanned Aerial Vehicles (UAVS)
Medium-Large Scale Stationary, 100kW and above

Micro-CHP Sector
Industrial and commercial sectors
Automotive Sector

Cost
Efficiency

Legislations
Gains

Criterion
Fuel Cell Uptake
Fuel Cell Technology
Fuel Cell Fuel
Fuel Cell Market
Fuel Cell Application Mechanism
Fuel Cell Awareness
Not suitable
Job creation

Good investment

Description Keywords
Very slow
Tough
Proven
Expensive
Expensive
Not available
Challenging
In its infancy
Tough
Too complicated
Difficult
Challenging

Lack of installers
Very low

Difficult
Ongoing development

Sustainability
Decentralised energy
Mixed with renewables Low maintenance Emissions savings
generation
High
Main factor
The main challenge
Major obstacle
is
Valuable
Twice production
Main
High
is
biggest advantage
Failed
is
efficient
a strong market
the most efficient
are
Promising
low hanging fruits
progressing
dynamic
is
Interesting
More effective
is
interesting
short term market
is
very well understood
the best ones
is

Patchy
Ready
Problematic
Pre-commercial
Complex
Unkown
Complex
Complex
are
are Financial independence
is
is
is
is
is
is

Table 33 Keywords Analysis of Fuel Cell CHP Description by Professionals

The themes that emerged from the interviews with professionals about fuel cell CHP are
depicted in Table 34. Themes are explained concerning the underlined categories and
codes.
Table 34 Theme-Category-Code Table of Interviews with Professionals
Theme
A. Technology Development

Category

Code

A.1. Current Situation

A.1.1. Uptake
A.1.2. Commercial Status
A.1.3. Fuel Status
A.2.1. Finance
A.2.2. Technology and Market
A.2.3. Behaviours
A.2.4. Policy
A.2.5. Sales
A.3.1. Finance
A.3.2. Sustainable Technology
A.3.3. Proven Technology
A.3.4. Flexibility
B.1.1. Projects Outcomes
B.2.1. Sectors
B.2.2. Customer Service
B.2.3. Maturity
C.1.1. Finance
C.1.2. Technology and Market
C.1.3. Acceptance Lessons
C.2.1. Government
C.2.2. Energy Companies
C.2.3. Local Councils
C.2.4. End-Users
C.2.5. Manufacturers

A.2. Challenges

A.3. Drivers

B. Application and Use

B.1. Impact
B.2. Application

C. Moving Forward

C.1. Lessons learnt

C.2. Role of Actors

A. Technology Development
A.1. Current Situation
A.1.1. Uptake
There was a general view among professionals that the current uptake of fuel cell CHP in
the UK, is patchy, slow and tough. Interviewee-2 described it as “not taken by the man in
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the street” and that it needs a lot of convincing that fuel cells are there and can provide
end-users with financial benefits. This was explained by the current availability of natural
gas, as Interviewee-1 said. Interviewee-9 explained that “it is a difficult sector for
hydrogen fuel cells to penetrate for several reasons. Globally, the main one is inflation”.
Also, due to the high cost of the system, Interviewee-5 said that fuel cells are very
dependent on subsidies at this point of the market. Interviewee-9 added: “in the UK for
example for the implementation of fuel cell CHP at a domestic scale, for instance, we
don't have the necessary incentives”. Interviewee-8 recommended that Germans are
leading Europe by far. The challenges hindering the uptake are presented in A.2.
A.1.2. Commercial Status
In describing the current global status of fuel cell technologies, the majority of
professionals agree that the technology is ready for the uptake. Interviewee-2 reported
that: “the fuel cell product is ready and very able to go almost off the shelf”. Interviewee4 added: “It has already been installed in thousands of locations. It is a ready commercial
product for use”.
However, professionals feel less confident about the locally available fuel cell CHP
brands. The findings highlight that fuel cell CHP are still in the exploratory phase.
Interviewee-9 stated that fuel cell CHP are not fully commercial and still at prototype
scale. The majority of professionals highlight that the market of fuel cell CHP in the UK
is in its infancy. Interviewee-5 mentioned that there is only one product available in the
British market of fuel cell CHP at the moment. Interviewee-8 said that exploring fuel cell
CHP is only about curiosity, while, “isolated regions like Orkney and Shetland are
looking into the feasibility to use fuel cell more”.
The high cost of the fuel cell units and caution of companies about the market introduction
are reported as the main reasons hindering the uptake of fuel cells. Interviewee-2 stated
that: “There are not necessarily products which are cost-effective as yet”. Thus,
Interviewee-8 indicated that they are working on reducing the cost of investing in this
technology. Not surprisingly, there was more emphasis on the discussion on the high cost
of fuel cell units. Interviewee-5 asserted that: “Until the technology scales up and the
prices come down, that will continue to be the case”.
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When combining fuel cells with renewable sources, they are called hybrid systems.
Interviewee-5 mentioned that “the hybridisation goes around the overall efficiency and
performance”. Hydrogen from renewables can work very well in islands and remote areas
but, is very difficult to produce in heavily built-up areas. Interviewee-5 added that: “I
don't think there is necessarily be one solution for all”, obviously because each project
situation is different in its needs and circumstances. The current models of fuel cell CHP
use natural gas from the power grid. This system comprises one unit only for the
production of power. Other configurations are used in more sophisticated applications
within special projects where funding is accessed, which is mostly not the case of
residential applications.
A.1.4. Fuel Status
Interviewee-2 reported that the fuel for fuel cell technology is sometimes problematic
because hydrogen is expensive and unavailable. Moreover, hydrogen compression is
difficult and that makes it not widely distributed. Thus, Interviewee-2 concluded that
dealing with hydrogen as a fuel cell fuel is not easy. Therefore, other available fuels could
be considered as mentioned by Interviewee-2: “A range of methanol for fuel cells which
are fine up to a certain level of power which says perhaps a kW and more likely a half
kW. And methanol is not widely distributed, not in high quality at least” and “Ammonia
as a hydrogen vector is quite feasible and very widely distributed worldwide. But the
hardware to either run fuel cells from Ammonia or to crack Ammonia for fuel cells is as
yet not developed”. However, both methanol and ammonia seem to be not as feasible as
such. The current models of fuel cell CHP use natural gas fuel. The production of green
hydrogen is ultimately an ideal option for fuelling fuel cell energy systems but they have
their challenges at the moment.
A.2. Challenges
A.2.1. Finance
For most of the professionals, the capital cost of fuel cell technology presents a major
obstacle for the adoption of fuel cell CHP. Interviewee-9 affirmed: “If it's fuel cell CHP,
the main issue is cost and the lack of regulatory environment and policy incentives. Those
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are the main factors as I perceive them”. While Interviewee-8 stated that “It is not that
simple to find a reasonable price”, Interviewee-5 indicated that to overcome financial
challenges “The big challenge has to be how we get the economies of scale-up”.
Interviewee-10 attributed the current financial situation to the high cost of the material
used. Finance is a major challenge to the uptake of fuel cell CHP and there is an urgent
need to look at the financial mechanism as the main element in the adoption strategies of
fuel cell CHP energy systems, which is discussed later in Section 7.7.C.3.
A.2.2. Technology and Market
Some professionals see the change from the current situation of energy supply as very
challenging. As a technology, fuel cell CHP is found to be very hard to compete with a
gas boiler on a domestic scale of use. Interviewee-8 said: “This is way too complicated
to be operated in a private household”. Interviewee-8 added: “The grid in Europe is very
well developed and it is very hard to find locations where the fuel-cell be a better solution
than connecting to the grid”. Another limitation of the available fuel cell CHP designs is
size constraints, as Interviewee-5 said: “trying to make sure the size of the unit is as small
as possible so it can fit into the space which is existing. You cannot rebuild your flat or
your house where your boiler is in in a practical way. So, size constraints will be
important”.
In addition, in the opinion of professionals, most of the technological problems revolve
around supplying hydrogen as a fuel for fuel cell CHP. Professionals described it as
problematic, expensive, unavailable, too complicated and a main challenge for the uptake.
Interviewee-2 felt that the inertia from energy companies is high to provide hydrogen
supply “Hydrogen isn't the mainstream product for most gas companies and they have
definitely not promoted hydrogen, particularly for fuel cells. I think because they aren't
necessarily convinced that a fuel cell is a viable proposition. Also, as I mentioned because
it is problematic. So, I think the inertia from gas companies and the inertia from oil
companies had been a problem…. and electrolysers are very expensive”. The
aforementioned technological and market challenges in addition to the hydrogen safety
and the need to be highly purified, are hindering the uptake of fuel cell CHP.
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A.2.3. Behaviours
Professionals see the behaviour of end-users in the UK as different from other European
countries like in Germany. Interviewee-4 mentioned that people in the UK tend to move
a lot, almost 7 to 8 years, unlike people in Germany where they tend to settle. Interviewee5 added that people in the UK tend to change their energy system when the old one breaks.
Only then, they phone their plumber to fix it. In addition, Interviewee-6 mentioned that
people’s awareness is quite a complex concept. And Interviewee-4 saw that “The
technology of fuel cell is considered as unknown to most of the people”. In general,
professionals found it difficult to persuade people to adopt the technology. Interviewee2 said: “It is difficult to persuade people to step up on to what people call a bleeding edge
of technology”.
Most professionals focused on public awareness, realising the importance of an end-usercentred approach in the uptake strategies of fuel cell CHP. This brings out the importance
of exploring the preferences of people to design future strategies for the uptake of new
energy systems such as fuel cell CHP. This is investigated in the survey as presented in
Section 5.4 for the design of the survey and Section 6.2 for the outcome of the survey.
A.2.4. Policy
Many professionals marked the non-availability of appropriate legislation as a barrier to
the adoption of fuel cell CHP. Energy-related legislation in the UK is not only seen as not
sufficient but also complex for the “layman”. Interviewee-5 pointed out an example of
the “green deal” that is designed to upgrade the energy efficiency of Britain’s homes over
the long term, by saying: “You just have to look at the green deal as a mechanism which
was not taken up by private people to understand that the way they look at things is far
too complicated. But, by a social landlord who got a team of people to look at these things
and can actually understand it”. The understanding of incentive mechanisms by
individuals is of great importance in energy future planning. Clear and easy access to
information about fuel cell CHP can diversify the energy landscape adoption as the
technology becomes ready.
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A.2.5. Sales
Installation of fuel cell CHP cannot be done by a conventional plumber. Only qualified
installers can do it. However, experiencing a labour shortage in the market of fuel cell
CHP hinders their growth, Interviewee-4 said. In addition, integrating fuel cell CHP in
the existing buildings is one of the key challenges, according to Interviewee-5. Moreover,
Interviewee-6 saw selling an integrated approach of combined heat and power as another
challenge, as not all energy companies provide heat and power simultaneously “There are
millions of gas boilers sold in Europe. So, for companies with fuel cells will find that
more challenging to penetrate that market for small commercial or residential”.
Therefore, the change in the situation of the uptake of fuel cell CHP is conditional and
there is a need for mitigating the aforementioned challenges. Financial challenges seem
to have a general agreement on their importance in developing new strategies to lower
the capital cost of the technology. Moreover, the commercial situation can be improved
with introducing effective incentive mechanisms that can boost fuel cell CHP to penetrate
energy systems market. Mechanisms are discussed in an attempt to overcome these
challenges in C. Moving forward.
A.3. Drivers
The key drivers that are motivating towards fuel cell CHP integration are split into five
main areas. These are mentioned below.
A.3.1. Finance
Although finance is a major challenge in the adoption of fuel cell CHP, according to
professionals, financial gains related to the special operating system of fuel cell CHP of
selling back any excess power to the national grid which could enable every house to
make money, as Interviewee-1 reported. In addition, Interviewee-10 suggest that the
adoption of fuel cell CHP is a good investment. Therefore, there is a need to incentivise
the high capital cost to become as feasible as possible. Interviewee-7 also reported that
the integration of such new energy systems could create jobs. In addition, Interviewees-3
and 7 indicated that the infrastructure cost can be reduced with less distribution needed.
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A.3.2. Sustainable Technology
Environmental gains were seen as particularly a strong driver for the adoption of fuel cell
CHP. Most interviewees marked the integration of fuel cell CHP as an important step for
attaining the necessary savings on carbon emissions when classical technologies fail to
meet the emissions required by the European Commission for the UK. In addition, the
increasing environmental legislation, such as the Climate Change Act stimulated ecotechnological innovation. Interviewee-3 mentioned that “directors of the UK already have
a list of power plants which need to be shut down because of failing to comply with the
future emissions targets”. A 50% reduction in carbon emissions can be attained when
using fuel cell CHP, Interviewee-4 said.
Interviewee-9 affirms that there are only a few options to decarbonise the UK energy
systems. There is a need to consider new technologies onboard. However, fuel cell CHP
are not comparable with gas boilers because they produce different outputs, “we don't
want to compare pears and apples. A boiler is a boiler. A boiler is there to produce heat,
not electricity…. I don't think it's a valid comparison”. This distinction is made because
the current fuel cell models offer electricity generation as major energy output, unlike gas
boiler which is mainly used in the UK for producing hot water and heating spaces.
Interviewee-4 and 7 encourage the view that fuel cell CHP could provide security of
supply. Interviewee-4 said: “it provides more security of supply and the power to change
by allowing consumers to generate their own energy”. Interviewee-6 added that using
fuel cell CHP secures primary energy savings creating a sustainable energy future. Most
professionals strongly express that fuel cell CHP are one of the most efficient available
producers of heat and electrical energy. Interviewee-8 compared fuel cell CHP to other
traditional power plants as said: “So we are talking about twice efficiency in electricity
production, which is very good”. Interviewee-9 claimed it is possible to have an overall
efficiency of over 80%. Another main advantage from customers’ point of view is the
low maintenance, as Interviewee-2 said.
Moreover, fuel cell CHP support renewable energy use because they offer the mechanism
to store energy until it is needed. Fuel cell CHP can have an impact on the environment
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which can slow down global warming. The remaining question is that are fuel cell CHP
worth the investment?
A.3.3. Proven Technology
Evidence for the potential comes from the deployment of fuel cell CHP in other countries
such as Korea for mega-scale of application of fuel cell CHP and Japan, for micro-scale
of application. Interviewee-8 said: “Japan is leading by far globally with 140,000
installations in place. So, people are using them in houses”. However, in the UK market,
only a few projects are in place which is not going to create a sector and “that's not really
a growth plan for the sector”, Interviewee-5 said. The experience from Japan is useful in
the adoption measures of technology model, business model, processes and practices. The
measures can be modified and used in the UK context if proved to be feasible.
A.3.4. Flexibility
Fuel cell CHP offer flexibility in the sense that they scale up from a tiny fuel cell to MegaWatt scale. “It is one of the very few technologies for power generation that scales from
a tiny phone charger size up to a power station size and keep to the same level of
conversion efficiency”, Interviewee-5 said. Also, fuel cell CHP can be applied as on-site
energy centres. The decentralisation of energy generation can avoid the major cost of
upgrading the local electricity distribution network, as Interviewees 5, 7 and 9 said.
Professionals also see fuel cell CHP as compact and suitable for urban areas. Moreover,
another view by interviewee-7 stresses the advantage of fuel cell CHP in using different
fuels in the fuel cell CHP system.
Fuel cell CHP offer additional advantages to the flexibility in energy generation scale and
mode. They can be installed in a single or integrated system. The decentralisation option
can be particularly useful in rural areas. Fuel cell CHP can diversify energy production.
However, new options in energy systems require detailed designs and clear feasibility
studies before they can integrate into the system.
B. Application and Use
B.1. Impact
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B.1.1. Projects Outcomes
Professionals see that fuel cell CHP work but, as Interviewee-5 said: “We have not seen
big numbers starting to happen”. A few projects are not going to create a sector and fuel
cell CHP applications have not advanced enough to make an impact in the UK. In
addition, Interviewee-2 thinks that “fuel cells have promised many things but delivered a
little”. Currently, “In the UK, we have not seen any big trials for fuel cell in public or
private field trials”, Interviewee-6 said. However, Interviewee-5 indicates that fuel cellbased energy systems had ticked two of the angles of the UK's Energy Trilemma, the
environmental impact and the security of supply. The costs for the consumer is the
unattained dimension yet. Real evidence of the success of fuel cell CHP is recognised in
other markets, such as South Korea and Japan. “150,000 domestic fuel cells in Japan is
got to be something that is working for Japan”, Interviewee-5 said. However, this is not
the case for the UK yet and the technology is looked at as a novel technology in need to
be explored and tested.
B.2. Application
B.2.1. Sectors
Interviewees touched on the use of various applications of fuel cell-based energy systems
in the UK context. In their opinion, fuel cell CHP and residential applications of them
have failed for several reasons. Interviewee-2 explained this by the absence of local
technology suppliers, where the only company that is involved in this has gone into
liquidation for some time and some of their assets have been bought up. While
Interviewees-4 and 5 mentioned that deploying fuel cell CHP on a shared basis for a group
of homes, such as care houses or in social housing, is more effective in terms of the
number of deployments. Distributed applications of fuel cells are also seen as effective
by the majority because they provide independence and security of supply to those areas.
In contrast to the small residential application of fuel cell-based energy systems,
commercial and industrial applications are seen by many interviewees as most effective.
Interviewee-2 said: “Industrial and commercial sectors are the most efficient”.

163 | P a g e

Interviewee-5 explained this by enabling the security of supply running by the application
of fuel cells, a factor which is very valuable in the commercial status.
The automotive sector is seen by most interviewees as the most promising sector.
Interviewee-5 described it as more dynamic and progressing than the power supply.
Interviewee-9 called it “the low hanging fruits” and that those applications of fuel cells
could probably access the market sooner. In addition, there is currently a lot of interest in
Unmanned Aerial Vehicles (UAVS), which are small aircraft that run without a pilot,
used in many applications, especially in the military sector. Interviewee-9 conceived a
market pool for them in the short term. In addition, the Medium-Large Scale Stationary
application of 100 kilowatts fuel cell and above were regarded by Interviewees-5 and 9
as very well understood and examined in terms of performance. Telecommunication is
also seen as an interesting sector by Interviewee-10.
The small scale domestic application of fuel cell-based energy system seems to be the
least mature and feasible among other fuel cell CHP applications. Most importantly, the
high demand in other applications such as commercial, automotive and industrial
applications make fuel cell more feasible. This research focuses on residential
applications and how this type of application can work in a real-life context.
B.2.2. Customer Service
Professionals are conveying the advantages of the system to consumers based on a
particular sector after identifying customers' needs. Interviewee-2 advocated that by
saying: “We know what the specific advantages are to our customers because we have
discussed them with them”. In addition, Interviewees-2 and 7 found the conjunction with
larger developers more successful to proceed. Because developers can provide immediate
finance and generally developers have a great deal of expert knowledge, hence
minimising the risk undertaken and offering better service to customers. Interviewee-4
finds that the easiest and the most important approach to convey the advantages of fuel
cells is to lower the cost by mass volumes. Interviewee-4 emphasised this as a requirement
for fuel cell CHP to penetrate powerfully into the energy market. While Interviewees-4
and 7 see high value in keeping on the technological development of the technology,
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Interviewee-4 acknowledged FiT accreditation of the fuel cell CHP product as “a key to
help consumers in adopting this energy system”.
B.2.3. Maturity
Understanding the maturity level is essential to gauge the current performance of fuel cell
CHP and build upon it. It is acknowledged that there is a need to determine what type of
fuel cells and what type of application is being looked at as they have different maturity
levels. Professionals focused on three main aspects of the maturity of fuel cell CHP, the
market of fuel cell CHP, the technical development and public awareness.
Most professionals agreed that the market of fuel cell CHP is in its infancy and not yet
ready. Interviewee-2 said: “Most fuel-cell companies are quite small still”. Interviewee6 mentioned that there is only one product available in the current UK market. And
Interviewee-10 reported the need to get the supply chain ready.
Professionals described the technological matureness of fuel cell CHP as ongoing,
proven, and 70% mature. Another view was that the technological maturity has not been
achieved yet as there is no available product that can be brought off the shelf, as
Interviewee-2 said. Interviewee-3 said: “different technologies have different maturity
level reached”. On a technological level, Interviewee-5 points out the need to adopt
successful models of fuel cell systems such as the one applied in Japan with some
modifications adapted to the local environment, “I think in the technical box, the only
thing you have to do is to take the lessons from places like Japan and to understand what
local regulations those boxes need to meet. So, the voltages might be slightly different,
the safety codes might be slightly different. But, those should be relatively minor changes
and take a lot of the learning in terms of design, manufacture, installation and
maintenance”. Infra-structure maturity has not been discussed much by professionals.
Interviewee-2 indicated that it is not yet ready.
Public awareness about fuel cell CHP is described by professionals as very low.
Interviewee-6 indicated that there is a need for more research to cover the awareness of
the public. While Interviewee-4 said that currently the awareness is very low but once the
companies have the chance to talk to people, they are easily convinced.
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C. Moving Forward
C.1. Lessons Learnt
Professionals reflected positively and negatively on their experiences in the field of fuel
cells. It is suggested that these lessons would be taken into account in their future projects.
C.1.1. Finance Lessons
Interviewees-2 and 9 believed that securing sources of funding is a tough one for the UK.
European level funding opportunities are available through different programs. The Fuel
Cells and Hydrogen Joint Undertaking (FCH JU) support activities about fuel cells in
Europe. Most of the Interviewees confirmed that it was easier for them to go for European
funding more than UK funding. Sometimes co-funding including European and
international funding worked well, as Interviewee-9 mentioned. The future availability of
European funding is in jeopardy as a result of the UK’s departure from the European
Union. Interviewee-10 mentioned that it was not always possible to wait until receiving
external funding. Investing their own money was their finance approach. Self-financing
was the best place, to begin with, for the development of the technology. Interviewees-4,
9 and 10 believe that increasing the volume of production as well as developing the
technology can decrease the cost of fuel cell technology systems. Moreover, creating
spin-off funded by a larger company was an approach adopted by Interviewee-2.
Professionals attributed the success of fuel cell CHP in other countries to the effective
incentive schemes that are offered by the governments. Interviewee-9 said: “We don't
have the necessary incentives as they have, Japan is a great example. Perhaps Germany
as well”. Interviewee-5, in speaking about Japan’s experience, adds: “the initial
deployments were heavily supported with subsidies either manufacturer subsidies or
consumer subsidies”. Interviewee-8 noted that fuel cell CHP are still partially subsidised
in Japan although the economy of scale is no longer the case because the scale is big.
There was general agreement that the incentives for fuel cell CHP need to be understood
and promoted to boost adoption levels. Interviewee-2 suggested that lobbying at
government level could help in making things happen. But, as a company, there are
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limited financial resources, therefore, there is no inclination to spend a lot of time on
lobbying until they receive enough funds. Considering that fuel cells have a unique niche
in the field of energy, a common suggestion is made for a takeover by larger companies.
Interviewee-2 suggested that this take over can happen very soon.
Interviewee-9 thinks that government’s incentives are necessary for lowering the cost.
Looking at what has been successful in other programs was another suggestion. For
example, the Feed-in Tariff (FiT) policy has been successful for solar and wind turbines.
Also, “solar and wind turbines did not look good but because they made money, they
were a success”, as Interviewee-2 said.
While Interviewee-8 considers private investments as the main support for fuel cell CHP
uptake and development by saying: “all people we work with are relying on the private
investment, sometimes a single individual invests in the project”. Interviewees 4 and 7
hoped for working with investors for lowering the cost. Interviewee-5 stresses learning
from other deployments such as (Solar Photovoltaic) where the cost had come down and
it continues to go down as the manufacturing gets more efficient. Interviewee-10 believed
that funds should be mainly for end-users since as the numbers of installations go bigger,
the price goes down.
One of the main challenges for most organisations is to find the funds necessary to launch
and grow a business. Investing in a novel technology requires full knowledge of the state
of the technology from the technical point of view and the desired benefits. However, the
risk factor is always present until the technology is tested and supported. Government
support remains the basis if the application of fuel cell CHP proves its benefits to the
community and the environment. For the aim of accelerating the uptake of fuel cell CHP,
funding is required in different phases of development for R&D activities in the precommercial development phase, engineering activities in the demonstration phase, and
the uptake in the roll-out of the technology. Currently, the main source of funding for fuel
cell projects is on European level private finance is another main approach for the
investment in fuel cell CHP technology. But, professionals stress on offering incentive
schemes similar to the pre-existed FiT which was successful for the uptake of solar
photovoltaic.
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C.1.2. Technology and Market
As for the technology lessons, Interviewee-2 said: “the technological challenges are
frankly easy to overcome”. However, Interviewee-9 believed that developing a
commercial scale is very crucial to mark success in the development of fuel cell CHP.
Interviewee-9 said: “I think the main challenge is to progress at the end of the project
towards developing a commercial system. So, some projects just end and they end after
demonstration without a clear commercial outcome out of them. Unfortunately, that
happens. It's not uncommon. But, there are successful projects as well”.
Interviewee-8 suggests that the old Victorian pipeline that is currently used for supplying
natural gas to households is very suitable for supplying hydrogen as well to every house
rather than producing hydrogen locally. Interviewee-8 believes that providing this
hydrogen supply network is an intermediate solution which avoids technical issues, scale
issues, cost issues and safety which is the most important. It was also suggested to focus
on commercially-oriented R&D projects to convert research into commercial success.
Professionals suggest practices to help to achieve economies of scale which lower the
prices, as a result, achieving higher adoption rates. Interviewee-8 suggests that some
international companies maintain singular control to set the prices. Breaking the
monopoly can create market competition and lower the prices as a result of creating
competitiveness. Competition helps to reduce prices and improve the quality of service
offered to consumers in general. Interviewees-4 and 10 affirm that a very important aspect
of creating competition is to continue working on the development of fuel cell technology.
For achieving that, Interviewee-10 suggests looking for the right partners. Interviewee-5
mentioned that capturing the heat, which is a by-product of the energy production, is vital
to gain more benefits of the policy and commercial benefits for the small scale fuel cell
CHP. For example, the FiT is a policy dedicated to the installation of the micro-CHP fuel
cell.
Interviewee-5 indicates that the success of fuel cell CHP in other countries like Japan is
not all about the technology is working, “It is the incentives or the acceptance of the
technology, either from commercial or individual perspectives”. The fuel cell CHP have
been taken in Japan from being a development technology into a fully commercial market.
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Interviewee-6 adds that 10th of thousands of units had been installed in Japan after a
successful market product program and several trials, unlike in Europe where only
hundreds are installed across Europe, with which the European projects did not achieve
what they were aiming for. Interviewee-8 suggests the fuel cell CHP could be successful
in Scotland especially where the weather is colder, then the demand is higher and more
benefit can be attained from utilising the FiT scheme.
Mixing fuel cells with other energy systems could be a viable solution as Interviewees5 and 8 indicated. These hybrid systems are installed locally in combination with heat
systems in CHP domestic scale. And, on a bigger scale in Orkney Islands, Scotland, they
efficiently produce power locally using wheel turbines. As the production of power could
be much higher than what is consumed locally, Interviewee-8 suggested using this extra
power to produce green hydrogen for cars rather than putting it back to the grid.
C.1.3. Acceptance Lessons
Interviewee-10 asserted that customers just want to have their energy system working.
Fuel cells companies, in turn, have to offer a fully certified system then validate their
products. Interviewees-2 and 6 went beyond that to say that people need to see great
advantages of the system. In line with this view, Interviewee-1 suggested that there is no
need to call it “fuel cells”, it is just a “boiler”.
There was general agreement among professionals that the acceptance of the technology
is driven by governments. Interviewee-3 remarked that: ‘any involvement of new
technology comes with the acceptance of the technology in the market. The acceptance
in the market is always driven by the government’. In addition, Interviewee-5 said: “it all
comes back to how much is the government wanting to do to improve energy efficiency
in the built sector and what are the incentives and sort of regulations which they will use
to make it happen”. While Interviewee-2 suggested that acceptance of fuel cells comes
with either very strong financial benefits, which is very difficult to prove at the moment,
or the planning authorities make efforts to allow great fuel cells scaling up to enable them
to merge in the development mix.
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Interviewees-2 and 6 suggested that educating the public about fuel cell CHP is an
important approach to raise awareness about the technology. In addition, Interviewees-2
and 7 suggested that demonstration projects are important for people to see the
implementation of fuel cell CHP happening in reality and that businesses need to invite
people and explain to them. Interviewee-5 encouraged the role of trade associations which
can be activated to deliver the message about fuel cell CHP, mostly around policy and
economic development. While companies can do wider communication to people and
local authorities, in terms of social housing.
Interviewee-5 highlighted several other reasons that drove Japan to widely adopt fuel cell
CHP. Building resilience was one important aspect that the Japanese government wanted
to achieve, as Interviewee-5 explained: “you need to look at the circumstances around
how people value energy security and resilience in Japan, very highly, particularly in the
post-Fukushima situation, where people have seen disasters and issues with power. I think
also, in the minds of the Japanese government about moving from a single big power
station to lots of small power generation sites to make the whole country more resilient if
it comes to natural disasters. In the same way, the Japanese government also have been
working with Japanese car manufacturers. So, the new fuel cell cars have sockets in them
which can provide power to households in the case of emergency. So, very much building
resilience”.
C.2. Role of Actors
C.2.1. Government
A mutually agreed opinion amongst professionals is that the government has the main
role in the uptake of fuel cell CHP. Several suggestions for energy policy shift are made.
Interviewee-5 said: “Government. Because they can set the expectations to a large extent
some of the reward mechanisms”. And Interviewee-9 said: “they are the ones who are
going to regulate at the end of the day. And they need to understand what they have to
regulate and they need to understand the benefits of it just to open these regulation
problems that we seem to have at the moment”.
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Interviewee-2 expressed dissatisfaction of the effort the UK government has done by
saying that “the government has not been enforcing and pushing that through”. Therefore,
Interviewee-2 suggested that Innovate-UK and the FCH-JU have been quite good in
providing capital for research and development. Perhaps they need now to put more
capital into implementation.
Also, it was encouraged that government offices to adopt fuel cell power. Interviewee-3
recommended to include specific fuel cell statements for the screening of UK legislation.
Interviewee-7 suggested introducing tax credits with the deployment of fuel cell CHP.
Also, Interviewee-7 suggested a necessary extension to be made to the Domestic
Renewable Heat Incentive (RHI) scheme to include fuel cell CHP.
C.2.2. Energy Companies
Some professionals emphasised the value of getting energy companies involved in the
strategic development and planning of fuel cell CHP. Interviewee-9 said that this
involvement can help them understand the commercial benefits for them. Interviewee-2
asserted that “Oil and gas companies can provide a lot but they do not”.
C.2.3. Local Councils
Interviewee-2 finds that the active role of local councils was very helpful. Interviewee-2
said: “Some local government planners are helping. We find local governments quite
receptive to the idea of adopting fuel-cells and many local governments are actively
pursuing green energy policies and looking for better efficiency in terms of use of fuel
and cost. a lot of them have implemented to eradicating fuel poverty. So, we do find the
local governments are quite helpful”. In addition, Interviewee-8 confirmed the
importance of the active role of local councils by saying: “You need some directions from
the central government. But, to implement that thing on the ground, you need local
government to act, especially to ask to help in the logistics and hydrogen”.
C.2.4. End-Users
There is some belief among professionals that the role of end-users is important to a
successful fuel cell CHP uptake. Interviewee-9 showed that trying to get the end-users
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involved in projects can help them understand its benefits so that they can have it for
themselves. Similarly, Interviewee-3 indicated that: “There are many advantages in hand
but just need to be scratched and understood from the users' community”.
Social landlords, such as Housing Associations, are identified as the most important
actors for the successful uptake of fuel cell CHP. Interviewee-5 explains this by saying:
“Housing associations also see what they can do to help their tenants with energy costs
whether that is the heating cost or electricity cost. So, building very efficient houses with
good insulation, looking at the opportunities for distributed renewables in the generation,
also m-CHP. A number of housing associations have been looking at biomass district
heating and heat pumps. So, then the discussion moves away from ‘my boiler’s broken,
how do I replace it?” from the private household to the social landlord looking at what is
the opportunity for us to work with a group of tenants to help the technology be deployed
in such a way that the tenant can see an overall reduction in their heating cost or their
power loss. That is the way a lot of the social landlords think and that is in the domestic
sector I think one of the main opportunities for the deployment of a fuel cell. They got
teams and organisations, federations of landlords who essentially work with their
members and say: Look, this is worth doing because it saves you money. I don't think
they need the energy companies to tell them that. They will find internally what they can
do”.
End-users are considered in this research as main actors in the uptake of fuel cell CHP
because they decide on their energy system choice. Their choice is influenced by several
factors by which the adoption takes place. This research looks at these several factors and
tries to propose an adoption model that is likely to be taken by end-users. The uptake of
fuel cell CHP by housing associations as social housing providers is argued to be very
high in terms of the number of units installed. However, the uptake of fuel cell CHP by
housing associations is not covered in this research. It can be looked at in further studies
as a large sector.
C.2.5. Manufacturers
The role of manufacturers is another main role for most professionals that is
complementary to the role of the government. Interviewee-4 suggested that the main
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actors are the manufacturers and the government who should work together to advance
the deployment of fuel cell technologies and transfer the benefits of this energy system to
the wider community. Similarly, Interviewee-6 argued that manufacturers or vendors
have the main role and they have to find out whom to work with to push the uptake
forward. Interviewee-5 put forward the idea of partnering with Japanese trusted
providers’ companies as they already have a successful experience. Moreover,
Interviewee-2 encouraged developing competition between manufacturers.
The roles and influence of actors that could be effective in the uptake of fuel cell CHP as
identified by professionals are presented. In general, roles of the government and
manufacturers are mainly stressed upon on creating the environment for end-users’
acceptance and better uptake of fuel cell CHP energy systems. Professional presented the
state-of-art from their experience in dealing with fuel cell CHP projects and offered
several lessons to learn from for future projects. Lessons are mainly related to finance
mechanisms and scaling up the commercial volume. Indeed, the role of end-users is
complementary to the proposed strategies by professionals for the uptake of fuel cell
CHP. The public survey, as discussed in Section 6.2 discussed the priorities for the future
development of fuel cell CHP application and use according to the preferences of the
sample of participants. The outcome of the survey and the interviews are combined with
real case studies in an attempt to provide a more complementary view for the uptake of
the technology of fuel cell CHP. Having considered the interviews with professionals, the
case studies of end-users are dealt with in the next section.
6.4

Case Studies of End-Users Results

In reporting case studies Baxter and Jack (2008) draw attention to two important aspects,
firstly, the need to describe the context in which the phenomenon is occurring as well as
the phenomenon itself, and secondly, to provide the reader with a chronological report.
In this research, four case studies were investigated. The adoption of multiple-case design
is used, providing overall descriptions and explanations of the projects and the embedded
issues. In addition, it is used for recognising similarities and differences between case
studies.
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The identification of case studies in this research is done upon the availability of cases
and the willingness to participate by owner representatives. Therefore, in this research,
the sampling method used in identifying case studies is the purposeful snowball when
people know other people who know cases, based on Patton’s strategy (1990). Moreover,
Patton suggests that when cases become “information-rich” they signal adequacy in case
studies selection. Therefore, four case studies are considered adequate for this research.
In addition, data from the multiple sources, as described in Section 5.6.3 ,are merged in
the analysis process and reported, offering a more complete picture of the inputs, process,
outcomes, and the impact of the application of fuel cell CHP energy systems. Sections
6.4.1, 6.4.2, 6.4.3 and 6.4.4 give a detailed description of the case studies. Each case study
is presented as described by the interviewees and as reviewed in the published reports to
extract relevant information. The reports are cited in the description of case studies when
necessary. The use of multiple data collection methods enables different interpretations
to be included in the analysis process, known as triangulation. In this research, an
analytical approach is used rather than problem-oriented. The approach generally
examines the case to find out what happened and why. Thus, it is not necessarily to find
out problems and suggest solutions.
During the site visits, photos of the buildings as well as for the fuel cell energy system
are taken and are presented. Dates of the interviews conducted and site visits are given.
The energy systems described as observed from the site visits and as described in relevant
reports. A general discussion of the case studies and results of the thematic analysis of
the End-Users - Owners interviews (in a similar way to the analysis of interviews
presented in Section 6.4.5.i is given and the outcome of the analysis of End-Users Occupants Survey is reported in Section 6.4.5.ii.
The general evaluation model in Figure 21 is used to depict the results of the evaluation
of case studies by applying this ‘system-based’ concept (the input-process-output). This
allows for a comparison of goals, processes and outcomes amongst cases. The logic
models of case studies are depicted in Section 6.4.5.iv An overall discussion of the case
studies is done and results are reported in Section 6.4.5.v as case studies insights.
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6.4.1

Case Study One (CS-1) Description (CIBSE Headquarters Building at Balham)

Case Study ID

Date of the End-User-

Date of the Site Visit

Owner Interview
Case Study - 1

10 April 2017

Date of the End-UserOccupant Survey

26 April 2017

26 April 2017

About the Organisation
The Chartered Institution of Building Services Engineers (CIBSE) is a professional body
with about 20,000 members internationally and provides various services for their
members including guidance documents, guidance standards, training, certification, and
events.
Interviewee’s Background (Interviewee-1)
Interviewee-1 was conducted with the Research Manager at CIBSE who is an architect
by training and holds a PhD in building physics. Her area of expertise is building
performance and especially climate change and extreme events. At the moment, she is
working at CIBSE as research manager. She overlooks research activities that the
institution is funding and is involved in. Her remit has expanded considerably to various
and different areas that the institution is supporting.
Project Background
The idea behind the project was that CIBSE wanted to inform its members of the
application and benefits of the fuel cell CHP as new technology. In particular, information
on how fuel cell can be installed in buildings was sought and to find out the contribution
of this new system to the energy demand. CIBSE worked with St. Andrews University
under the Knowledge Transfer Partnerships (KTP) program. A research associate has
worked on this project for two years. The fuel cell CHP unit had been installed in an
office-based building at CIBSE Headquarters to produce energy and hot water. The office
building has 4 kitchens and 7 toilets. The measured average domestic hot water
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requirement was 260 L/day. The electrical demand was about 25 kWh during office hours.
Funding from the government was provided and was added to some internal funding.
CIBSE paid for buying and installing the fuel cell system and for a part of the salary of
the research associate. KTP and St. Andrews University staff provided technical support
for this project. A professional company did the installation and a certificate of
installation (Tesfai, 2015a; Tesfai, 2015b; Tesfai et al., 2015a).
Site Observations (Date of the site visit: 26 April 2017)

Figure 58 CS-1, Building from Outside
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Figure 59 CS-1, Fuel Cell CHP Unit with the Water Tank
6.4.2

Case Study Two (CS-2) Description (Troedyrhiw Home for the Elderly – South
Wales)
Case Study ID

Date of the End-User-

Date of the Site Visit

Owner Interview
Case Study - 2

13 March 2017

Date of the End-UserOccupant Survey

06 September 2017

06 September 2017

About the Organisation
Rhondda Cynon Taff County Borough Council (RCT) is a local authority in Wales. The
Energy Team was formed in 2009 to make energy savings across the authority. Every
year they propose a list of energy projects to the Senior Leadership Team as a financial
investment strategy. The success of their energy projects has developed a self-funded
Invest to Save scheme. In addition, it was found that the savings and feed-in tariff
incentive payments are proving to be very successful. So far RCT owns 11 BlueGEN
installations.
Interviewee’s Background (Interviewee-2)
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Interviewee-2 was conducted with the energy manager for RCT. His educational
background includes electronics and electrical engineering, fire and security systems and
finally energy surveying as an assessor. He started his career in electronics as an electrical
service engineer. He also worked for a private contractor where he gained further
knowledge in fire and security systems. Following that, he re-joined the public sector at
RCT as an electrical engineer. He joined the energy team as an energy officer with
electrical engineering skills. Then he became the energy manager for the authority. He
felt very fortunate to have a gradual pass for the obvious interest in technology and had a
lot of experience with electronic devices and energy saving. This had been quite
interesting to him.
Project Background
This was the first fuel cell system installed in RCT’s premises and Wales in 2013/2014.
It was a retrofit installation to an old peoples' residential home to save energy. Troedyrhiw
Home is a 26-bed residential care home in RCT. It was an energy investment and RCT
viewed it as a pilot project for the technology to see how it works and get a taste of what
they believed the future for heating and generation. Originating from the maintenance
organisation, all RCT’s projects have been retrofits on existing sites. Energy team consists
of two project officers, an energy assessor, companies officer, and the team manager
(Rhondda, 2015; iPower, 2017).
Site Observations (Date of the site visit: 6 September 2017)
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Figure 60 CS-2, Building from Outside

Figure 61 CS-2, Fuel Cell CHP Unit with the Water Tank
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Figure 62 CS-2, Gas Meter
6.4.3

Case Study Three (CS-3) Description (Oaklands Primary School – South Wales)
Case Study ID

Date of the End-User-

Date of the Site Visit

Owner Interview
Case Study - 3

08 September 2017

Date of the End-UserOccupant Survey

06 September 2017

06 September 2017

About the Organisation
Rhondda Cynon Taff County Borough Council (RCT) is a local authority in Wales. The
Energy Team was formed in 2009 to make energy savings across the authority. Every
year they propose a list of energy projects to the Senior Leadership Team as a financial
investment strategy. The success of their energy projects has developed a self-funded
Invest to Save scheme. In addition, it was found that the savings and feed-in tariff
incentive payments are proving to be very successful. RCT owns 11 BlueGEN
installations and planning to install more.
Interviewee’s Background (Interviewee-3)
Interviewee-3 was conducted with the energy manager for RCT. His educational
background includes electronics and electrical engineering, fire and security systems and
finally energy surveying as an assessor. He started his career in electronics as an electrical
service engineer. He also worked for a private contractor where he gained further
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knowledge in fire and security systems. Following that, he re-joined the public sector at
RCT as an electrical engineer. He joined the energy team as an energy officer with
electrical engineering skills. Then he became the energy manager for the authority. He
felt very fortunate to have a gradual pass for the obvious interest in technology and had a
lot of experience with electronic devices and energy saving. This technology had been
quite interesting to him.
Project Background
The purpose of the initiative was purely in the first instance an energy investment. In
looking for alternative fuel sources, the second benefit was to develop a smart energy
network of fuel cells with eligibility for FiT. So RCT gets money back from the
government for installing fuel cell CHP which helps for the investment.
RCT allocated the budget based on the team’s estimates of costs to create the payback. It
was presented to the finance team under a program called “invest to save”. And approved
as an energy investment with a payback period of 6.8 years. The short-term goal was to
claim the FiT and get a portfolio of renewable energy accounts. But, the long-term goal
is to develop a financially viable smart network of controllable fuel cells as an energy
source.
Site Observations (Date of the site visit: 6 September 2017)
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Figure 63 CS-3, Building from Outside-1

Figure 64 CS-3, Building from Outside-2
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Figure 65 CS-3, Layout of the Building and Energy Certificate
The school runs several environmental activities including an eco-club as shown in
Figure. They also elect their green team annually to help and encourage the school to save
energy and recycling.

Figure 66 CS-3, Eco Club at School
A newer version fuel cell has been installed on March 2017 at this site as shown in Figure
67.
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Figure 67 CS-3, Fuel Cell CHP Unit with the Water Tank
6.4.4

Case Study Four (CS-4) Description (Elemis and Wella Hairdresser Academy Edinburgh College)
Case Study ID

Date of the End-User-

Date of the Site Visit

Owner Interview
Case Study - 4

02 May 2017

Date of the End-UserOccupant Survey

12 October 2017

12 October 2017

About the Organisation
Edinburgh College is an educational institution that offers a variety of vocational and
academic courses with four campuses. Edinburgh College is committed to adopting green
technologies and to serving the community. They organise open days to showcase how
the campus can serve the community and be able to meet organisations and charities that
work in the Granton area (Edinburgh College, 2018). They also open doors to interested
people from industry and the public to showcase their green credentials. Besides the fuel
cells, Edinburgh College also has a rooftop solar panel installation and an electric minibus
(North Edinburgh News, 2015).
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Edinburgh College's Elemis and Wella Academy is located at Granton Campus. Elemis
and Wella is one of the UK’s first College eco-friendly salons, having adopted a variety
of eco-friendly and health technologies. They were the first UK College to have a Ceramic
Fuel Cell installed. And adopted LED lighting to save energy and Mobile Air Filters
which extract particles from the atmosphere, allowing asthmatic students and clients to
use the treatments (Edinburgh College, n.d.).
Interviewee’s Background (Interviewee-4)
Interviewee-4 is the facilities manager for Edinburgh College based at Granton. He holds
a bachelor degree in mechanical engineering. He had been with the college for 31 years.
Their estate's service primarily looks after the general state of the building. They deal
with any small project works that happen to come along, which was the reason for the
initial installation of the BlueGEN system.
Project Background
The project came out when the college decided to create a health and wellbeing suite
within the Granton campus. The facilities manager presented the plan to the college to
incorporate some sustainable aspects into the design and build of the project. The college
then employed a project manager who has designed many hairdressing and beauty salons
around Scotland and recommended that they install a fuel cell. It seemed for them the fuel
cells are quite the upcoming thing. The installation of the fuel cell CHP was done by an
external contractor, BlueGEN Company. The technical support was provided by them. A
pre-meeting was held with the project manager and the installer to discuss all information
related to this technology and its installation. Another onsite meeting was held about
where and how the installation can be done and what the company should supply.
The fuel cell CHP were meant to change and help mainly in hot water generation for
hairdressing back washers which they put in. It was believed that it is a small unit but
actually, it does exactly as it says. It generates water purely for that area, just the hair and
beauty department area. They also declared their intention to use the fuel cells in teaching.
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The project was funded internally using the Scottish government capital funding. The
payback period was expected to be five years.
Site Observations (Date of the site visit: 12 October 2017)
The room where the fuel cell system was installed is just the size of the fuel cell unit and
the water tank as shown in Figure 68. The receptionist was completely aware of the
system and was happy to inform visitors about their energy system. At the date of the site
visit, the system was not working and they were waiting for maintenance personnel to fix
it.

Figure 68 CS-4, Hair & Beauty Salon Entrance
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Figure 69 CS-4, Fuel Cell CHP Unit with the Water Tank
6.4.5
i.

Case Studies Results
Case Studies End-Users (Owner) Interviews Thematic Analysis

In this section, the views of end-users on the adoption of fuel cell CHP are investigated.
Detailed findings from the interview process are set out to provide further details to the
context of fuel cell CHP case studies (Section A. Background Information), the evaluation
of the application and use of fuel cell CHP, the challenges and lessons learnt (Section B.
Fuel Cell CHP Application and Use) and the practical actions identified from case studies
outcomes, how to mitigate challenges and the roles of different actors in driving the
uptake of fuel cell CHP (Section C. Moving Forward). Primary and sub-themes are
derived in a similar manner described in Section 5.5.5 for analysing interviews. The
analysis generated the theme-category-code Table 36 that is presented in this chapter, as
a mind-map, in relation to the three main sections of the interview.
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A keyword analysis of interviews is also done, as shown in Table 35. An overall opinion
amongst end-users about fuel cell CHP is that they are new, modern and safe. Generally,
end-users (the owners) think that adopting fuel cell CHP is a good idea. In particular, the
applications are used as long-term investments from a business point of view and there
was a belief that they are a worthwhile investment.
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Fuel Cell Uptake
Fuel Cell Technology
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Modern

Temperamental
User-friendly
Mature
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Safe

FiT
Good business
Sufficient
Energy investment
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Successful project Energy saving
Personal development Economic benefit
Viable
No downtime
Viable
No downtime
Quite expensive
Very efficient

Pioneering
Emerging
Simple
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The future
Limited
Limited
Long-term investment

Description Keywords

Table 35 Keywords Analysis of Fuel Cell CHP Description by End-Users (Owners)

The themes that emerged from the interviews with end-users (owners) about fuel cell
CHP are depicted in Table 36. Themes are explained in relation to the underlined
categories and codes.
Table 36 Theme-Category-Code of Interviews with End-Users (Owners)
Theme
A. Background Information

Category
A.1. Goals

A.2. Resources

A.3. Drivers

B. Application and Use

B.1. Challenges

B.2. Perceived usefulness

B.3. Outputs

B.4. Impact

C. Moving Forward

C.1. Lessons learnt
C.2. Role of Actors

Code
A.1.1. Economic
A.1.2. Increased Knowledge
A.1.3. Pursue Sustainability
A.2.1. Finance
A.2.2. Staff
A.2.3. Application Standards
A.3.1. Novelty
A.3.2. User Initial Perception
A.3.3. Technology Features
A.3.4. Finance
B.1.1. Existing Conditions
B.1.2. Technology Features
B.1.3. Installation
B.1.4. Finance
B.1.5. User Perception
B.2.1. Technology Features
B.2.2. Finance
B.2.3. User Perception
B.3.1. Economic
B.3.2. Energy
B.3.3. Technology
B.3.4. Knowledge
B.4.1. Satisfaction
B.4.2. Economic
B.4.3. Technology and Market
B.4.4. Knowledge
C.1.1. Finance
C.1.2. Technology and Market
C.2.1. Government
C.2.2. Energy Companies
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A. Background Information
A.1. Goals
A.1.1. Economic
In case studies 2 and 3, investment decisions are made, taking into account the payback
period the main aspect of choosing the technology to be adopted from the available
options. Projects planning has been proposed to the local authority which strict criteria to
be met in terms of budgets. Moreover, fuel cell CHP was the only other available option
to take advantage of the FiT scheme. The maximum allowable capacity of solar panels is
installed previously in the same project in CS-2. Therefore, for the local authority, fuel
cell CHP were one of the few suitable options to invest in, taking into account budgets
and energy technology available in the market.
A.1.2. Increased Knowledge
Fuel cell CHP projects were looked at as pilot projects. Particularly, in case study 1, they
are used for testing the technology in terms of performance and maintenance. Moreover,
fuel cell CHP are used to inform members of staff about the installation, the supply of the
technology versus the demand of the project. In case study 2, it is used to figure out how
the technology works with a high belief in the potential of this technology, “we looked at
it as a pilot project for the technology to see how it works and basically to get a taste of
what we believed the future for heating and generation”, Interviewee-2 said. In addition,
information was sought about the maintenance cost and what downsides would exist with
this type of technology. On a personal level, building a portfolio of renewable energy
accounts was a goal to be achieved in CS-2 and 3. In CS-4 there was a potential to use
fuel cells as a teaching aid as the project move forward as a long-term goal.
A.1.3. Pursuing Sustainable Aspects
Interviewees in case studies 2, 3 and 4 demonstrated pursuing sustainable development
strategies into the design and build of the projects. It was also an addition to the solar
panel they already had installed. “The short-term vision was pure as an addition to what
we already have, the solar panel in this campus but it was very much small-scale. This is
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what we want to do”, Interviewee-4 said. And Interviewee-2 said: “it was a potential for
the future”. End-users demonstrated a commitment to pursue sustainable aspects in the
case studies projects by installing novel technologies such as solar panels and fuel cell
CHP. Novel technologies remain one of the solutions proposed in providing clean energy
sources. Other sustainability measures are taken as well as in case study 3 by running the
eco-club who encourages several environmental activities such as energy-saving and
recycling.
A.2. Resources
A.2.1. Finance
The funds for the projects are mainly coming from the government. Internal public sector
funds are used. Governments’ grants are used to dedicated for educational institutions to
be utilised in capital projects. For example, the Knowledge Transfer Partnership (KTP)
funding is used in case study 1 and the capital cost of the fuel cell CHP was self-funded.
KTP funding is used for developing business institutions. In case study 1. The capital
spending in case studies 2, 3 and 4 is seen as capital investments. To identify opportunities
for investing fuel cell CHP, project teams undertook feasibility studies. The payback
period of projects were almost 7 years for case studies 1,2 and 3, and 5 years for case
study 4. End-users (owners) found them sensible payback periods and were completely
satisfied.
A.2.2. Staff
The staff allocated for the case studies projects are limited to the supervision and
administration side of the application. External contractors are employed to do the
installation and monitoring afterwards. Maintenance is also included in the contract with
the external contractor. However, fuel cell CHP energy projects created jobs, as
Interviewee-2 said: “The energy projects that we have done created an extra two spaces
in our team”.
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A.2.3. Application Standards
The methods for applying energy technology in buildings are called standards. The local
standards are followed by the external contractor, the installer, who is following the
British standards for gas, electricity and water installations. In addition, MCS guidelines
are complied with, as the energy team manager said in case studies 2 and 3.
A.3. Drivers
A.3.1. Novelty
In looking for alternative energy sources for the future, the energy team in the case studies
projects decided to pilot fuel cell CHP. There was a belief that hydrogen is going to be
the fuel of the future. One of the drivers for using fuel cell CHP is the general point made
by interviewees that fuel cell CHP is new and modern. There was a belief among
interviewees that fuel cell CHP, as an emerging technology, needed to be tested to get a
better understanding of how it works. “it is just an emerging technology we felt that we
have to produce a body of knowledge for our members”, Interviewee-1 said. As
mentioned previously in the goals of the projects that these projects are considered as
pilot projects.
A.3.2. User Initial Perception
The initial perception of fuel cell CHP is withdrawn. In case studies 2 and 3, interviewees
have a personal interest in the technology because of their electrical background.
Whereas, previous CHP technologies are more mechanical which have engines and
moving parts. Also, there was an intention to start to build a portfolio of renewable
energies. In addition, there was an interest in fuel cell CHP as an energy system that uses
hydrogen as a fuel. “Personally, I see that hydrogen is the fuel of the future and it's going
to be”, Interviewee-3 said. Fuel cell CHP were recommended by professionals for
adoption as in case studies 2 and 3. Therefore, the authority wanted to pilot it in its first
installation. In case study 4, the specialist designer recommended fuel cell CHP and
thought that it seemed to be quite the upcoming thing.
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A.3.3. Technology Features
Several features of fuel cell CHP were attractive in the adoption of the technology in the
case studies projects. In case study 1, there was a belief that fuel cell CHP are the most
efficient CHP technology that is currently available. In addition, in case study 2, to avoid
the high cost of previous experience in maintenance with another CHP technology, the
energy team wanted to test this new technology. Another driver for the adoption is the
unit size of fuel cell CHP. There was a problem with space availability in previous
projects with using another technology, as in case study 3, but the adopted fuel cells size
was satisfactory. There was only one fuel cells brand available of that particular size for
the unit at the time of adoption.
A.3.4. Finance
To maximise the economic benefit, there was an interest in the FiT scheme, especially in
case study 2, the local authority started to look at other technologies when having started
to exhaust the most viable projects. The pre-existed FiT provide funds on operational
costs which were considered as an energy investment in the first place. In addition, in
case study 4, the cost of fuel cell CHP was suitable as “it was not a massive cost from a
college point of view”, Interviewee-4 said. Hence, feasibility with the FiT in place, at the
time of initiating these projects, is an important driver for using fuel cell CHP. The initial
capital cost remains a challenge in the residential sector as in that case, end-users do not
have access to funds that cover these costs. As for the operational costs, the pre-existed
FiT was satisfactory. However, the UK government announced the FiT ended by March
2019 and new schemes are necessary for the adoption of fuel cell CHP in the residential
sector.
B. Application and Use
B.1. Challenges
B.1.1. Existing Conditions
In case study 1, the building is old and it got through different development stages and
refurbishment. Therefore, there have to be a good understanding of how the energy
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system is going to be connected and which part of the building it is going to serve. In that
situation, finding the old plans of the building and finding the right items to get the system
connected was not an easy task.
Another problem in case study 1 was about the gas supply. There was a safety valve that
whenever the gas supply is momentarily cut off from the mains gas it switches off the gas
supply. So, when the gas supply is switched off, then the system starts cooling down
without preparation. This incident happened twice, which meant that the fuel cell unit is
broken and just would not come back. So, they had to switch it off and wait for the fuel
cell unit to be available to replace the whole unit.
Having a new energy system installed comes with different challenges which are a part
of the learning process about the system. In case study 1, the energy management team
are involved because they want to learn about fuel cell CHP and inform other colleagues.
Given the existing condition of the building, there comes another challenge. However,
this is not the case in other case studies projects. Especially in residential applications
where end-users are presumably not having prior experience and just want their energy
system to work.
B.1.2. Technology Features
The challenges related to the technical features of the fuel cell CHP concern technology
specifications as well as operational features. To start with, in case study 2, space was an
issue. Therefore, the project had to be carefully planned before going ahead with the
project. However, this issue is expected to be more critical in the case of residential
applications as space is limited to most households and would like to make use of most
of it for their living.
In addition, in case study 1, there was a challenge in dealing with the system operation,
“We need to get in touch with the supplier of the fuel cell and tell them that we plan to
switch it off at a certain date and it takes many days. This creates a problem because
nobody is used to that. We normally switch it off and do other work and back on”,
Interviewee-1 said.
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Another common challenge amongst the case studies is the need to have somebody to
monitor the fuel cell CHP. “It was not like a boiler that one installs it and forget about it”,
as mentioned by Interviewee-1. While in case study 4, the continuous monitoring by the
supplier is seen as an advantage and all they needed to do is to supply an actual network
point. However, “we had a problem, we had lost the internet connection and immediately
they said we can't get back up again. We'll not know if there was a fault with the system
until correcting the network from our side. So, that's the only issue we've actually had
with the unit so far”, Interviewee-4 said. Having the system operation connected to the
network point complicates the situation further as there is a need to keep both running all
the time.
Another issue reported in case study 1 is that maintenance personnel refused to observe
and supervise the performance as an emerging system. therefore, the performance has to
be monitored by the supplier only. This challenge is related to the awareness of both endusers and maintenance providers to be willing to accept the change of using a new energy
system. In the meantime, there could be a problem with the lack of installers and
maintenance personnel. In general, in most of the aforementioned challenges, there was
a need for adopters of fuel cell CHP to deal with the new features of the fuel cell CHP
technology.
B.1.3. Installation
Finding an installation company was a challenge in case study 3 and it took some time to
find an installer in the UK. “we had to branch out to the rest of the UK looking for
installers”, Interviewee-3 said. Currently, fuel cell CHP installers are limited and with the
expansion of fuel cell CHP projects, there is a need to train personnel as qualified
installers. Another challenge faced in case study 3 was getting the monitoring system
installed and connected to the information and communication networks. “the final
obstacle was getting the monitoring installed because of the strict security protocols
which are imposed on local authorities for ICT - Information and Communications
Technology”, Interviewee-3 said. Therefore, it took some time to get permission,
allowing for the installation to be done.
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A challenge faced in case study 4 was connecting the flow system. As the fuel cell CHP
sit in the middle of the building, getting the connection done was a challenge. The actual
flow coming out the system had to come through a concrete roof and there was a singleply roofing membrane. The college team was not happy to do it in that way to avoid issues
of leaking. The result was quite a complicated flow system that eventually had to be
installed. However, this may not be a problem for a residential application as the
connection could be done straight from an external wall. One more challenge in case
study 2 was getting the installation on time before the FiT rate changes. As the authority
had budget targets that needed to be met and feasibility studies needed to comply with,
this added extra stress on the progress of the project and the members of the team.
The challenges related to the installation of fuel cell CHP come mainly from the lack of
experience in this new technology. Development of all aspect of adoption grows as the
number of installations grow. Lessons learnt from these challenges are discussed in
category C.1. Lessons learnt.
B.1.4. Finance
Funding in case studies 2 and 3 was a challenge. Getting approvals for the funds to
progress with the project was not easy for them. “The first challenge was the financial
side to get the investment agreed”, Interviewee-3 asserts. Providing enough funds is a
starting point for the project. Thus, fuel cell CHP in the case studies projects were proved
to be viable with the government and internal funds for the capital costs and with making
use of the pre-existed FiT for the operational costs. However, the capital costs remain an
issue for residential applications as there is currently no available funding on a public
scale.
B.1.5. User Perception
In CS-1, it was challenging to convince technician in charge of the building maintenance
to deal with the new fuel cell CHP installed. “The fact that our maintenance guy does not
know what the fuel cell is and does not want to know about. So, he is very hostile towards
this new system. He does everything in his power to show that it is useless and we have
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to get rid of it”, Interviewee-1 said. As noted, the lack of experience in the technology is
the main reason for creating challenges about the willingness to use the technology.
B.2. Perceived usefulness
B.2.1. Technology Features
Fuel cell CHP were seen as very efficient. Although fuel cell CHP are still using natural
gas the output produced was satisfactory in an assessment point of view. As in case study
1, it was said: “It is very efficient. It is still using gas but in a more efficient way to
produce electricity”. This related to the existing availability of fuel and fuel cell CHP
models which can be improved in the future to get more potential from the use of fuel cell
CHP technology, producing greener fuel, hydrogen, for example.
In general, fuel cell CHP were found to be reliable. Interviewee-4 said: “We have had it
for nearly 4 years and it's never broken down. It has done exactly what we expected it to
do and probably more to be honest. We've had nothing go wrong with it”. In this case,
fuel cell CHP seem to be suitable and can be relied on in the future. In addition, there was
a belief that fuel cell technology is proven as in case study 2 and that the technology had
been around for years. This is particularly seen as a specialist point of view and the public
end-users may not have done similar research to the end-user representatives in this case
study project.
Also, fuel cell CHP were seen as user-friendly because they are maintained by the supplier
company. In case study 1, it was mentioned: “we find installations reliable and relatively
simple to manage as the maintenance and monitoring are all covered by Solid Power who
has been really supportive through the project”. In addition, in case study 4, it was said:
“Well, it is because really we don't touch it. I think it's maintained with the guys who
were coming if they need to come and do anything but, actually, it is very user-friendly
and you know, you turn it on and you get water. It's doing exactly what it needs to do. So,
absolutely, user-friendly”. However, this may be interpreted differently as some may find
it weird to not be able to make any control over the system.
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Another attractive feature of fuel cell CHP was their ability to work in conjunction with
other renewable energies. In case study 3 there is a solar system installed on some of the
sites without any interference. “They worked for hand in hand and they had been pretty
much trouble-free. Since they were installed the authority did not have any great
involvement or any downtime with them”, Interviewee-3 said. In addition, fuel cell CHP
were found to be a good alternative to other energy technologies because they are suitable
to be installed at any geographical location. Unlike other instances when using solar
energy this tolerance did not exist, as asserted by Interviewees 2 and 4.
Fuel cell CHP are seen as absolutely safe, as in case study 4. “Absolutely safe. We've got
it sitting in the middle of the building, a 30,000 square meter building full of students.
But, if I didn't think it was a safe application, it wouldn't have been installed. Absolutely,
not an issue”, Interviewee-4 said. Fuel cell CHP were perceived to be useful from the
technical specifications side. Other aspects are discussed next.
B.2.2. Finance
There was a common view that fuel cell CHP are a good business proposition. “if
everything else was ready to support it, I think it is a good idea especially for businesses”,
Interviewee-1 said. Likewise, in case study 2 there was a belief that the application of
fuel cell CHP is matched with a healthy FiT rate which made it a worthwhile investment
for the authority. The savings created and feed-in tariff benefits in conjunction with the
solar installations are now returning a considerable amount of money as well as energy
reduction. In addition, in case study 3, the FiT is giving them about £1300 a year which
is viewed as very acceptable to the college.
From the start, FiT is believed to be one of the main drivers in the adoption of fuel cell
CHP. Although the case studies projects were seen as pilot projects. However, feasibility
studies, meeting the set budgets were complied with and the projects delivered what it
was planned for in terms of returning a considerable amount of money and generating the
energy needed.
B.2.3. User Perception

199 | P a g e

Fuel cell CHP were seen by owners as technically mature enough for the uptake, as in
case studies 2 and 3, the opinion was that fuel cells are proven and have been there for
many years. In case study 1 it is mentioned that “fuel cell works”. The market of fuel cell
CHP is dependent on the existence of FiT, “Definitely, without the incentive, the FiT
incentive, it would be expensive, it would be a long payback”, Interviewee-3 said. The
perception of the infrastructure of fuel cell CHP is that it is not supported, “the
infrastructure and the expertise are not in place supported. it's a hassle at the moment”,
Interviewee-1 said. As mentioned before in the challenges, there was a struggle for
approaching local installers. In addition to the maintenance which required a lot of
planning and thinking, according to interviewee-1.
Fuel cell CHP are considered as a good recommendation for both retrofit and newly built
projects, “We have proposed fuel cells for some new builds. They have been looked at as
a possibility for some newly built projects and we passed on information for fuel cell
technology to be considered”, Interviewee-2 said. While, in case study 4, there is a
willingness to adopt more fuel cell CHP units when there is a need to, “we have no
problem in recommending from a small-scale point of view that we would use it again”,
Interviewee-4 said. Therefore, fuel cell CHP are considered for adoption and
recommendation by current users for future projects despite the challenges that exist at
the moment. This response is very important in influencing adoption to extend the area
of the application of fuel cell CHP.
B.3. Outputs
B.3.1. Economic
Fuel cell CHP added economic benefits. Firstly, jobs are created for each case study
project as a result of the application of fuel cell CHP. In case study 1, a research associate
worked in association with St. Andrews University. In case studies 2 and 3, the energy
projects that were done created an extra two spaces in the authority energy team. And, in
case study 4, a project manager worked on the project with the external contractor.
Secondly, FiT payments are produced as a result of the incentive scheme offered by the
government of the UK. Having perceived these benefits is an important first step to the
willingness to adopt fuel cell CHP and a basis for recommendation opportunities.
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B.3.2. Energy
The power produced by fuel cell CHP was able to meet the electricity demand for
consumption in projects for providing the hot water needed. In case study 1, the hot water
requirement for the office building, which had 4 kitchens and 7 toilets, was covered by
the water generated from fuel cell CHP. In case study 4, it was said: “It is a small unit but
actually, it does exactly as it says. It generates water for us but, it is purely for that area.
It doesn't cover anything else. Just the hair and beauty department area”.
In the investigated case studies, the demand is high therefore, the output of energy is all
consumed. Fuel cell CHP contributed to a portion of the demand power according to the
unit size. Having a power plant installed on-site is a challenge considering the need to
predetermine the capacity of use (demand). However, if the demand changes over-time,
there is a need to adapt to the energy system accordingly.
B.3.3. Technology
Fuel cell CHP are purchased and installed in the case study projects. Accordingly, the
Certificates of Installation are issued by the professional companies who did the
installations. The experience gained from the implementation of fuel cell CHP resulted in
applying more details and more instructions in the specifications to reduce confusion and
to give guidance to the installers on spacing and connectivity in particular, as mentioned
in case study 4, resulting in the development of the technology.
B.3.4. Knowledge
Technical reports and academic papers are produced and published. Some of the reports
were published internally for the sake of monitoring only. Reports were also published
publicly as an expansion of education, as in case study 1 where they are published on
CIBSE’s website. Increased knowledge of fuel cell CHP is achieved by the project team
members on dealing with fuel cell CHP and the challenges that could be faced. Fuel cell
CHP projects resulted in an industry-academia collaboration and they acknowledge a
change, as happened in case study 1 under the KTP programs. The application of fuel cell
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CHP advanced knowledge on the use of the technology as well as other R&D activities,
achieving as intended from the projects at the start.
B.4. Impact
B.4.1. Satisfaction
In the investigated case studies, there was a general agreement on the success of the
projects. The outcomes of the projects were satisfactory to the users, given the different
goals of the projects. For example, in case study 1, the goal is to gain better knowledge
about fuel cell CHP and inform the institution members about the technology, which is
achieved from their point of view. “I think it was a good experience for us. We had to
deal with many different challenges and all that but we understood where the system is
and we are better informed now to inform our members in the industry”, Interviewee-1
said. In addition, in case study 2, there was a view of “It is a good project going forward”.
And, in case study 4, fuel cell CHP are seen as “from a usage point of view, it has ticked
the boxes”. The satisfaction of users is a leading indicator that plays an important role in
the business. As discussed in B.2.3. (User Perception), fuel cell CHP are likely to be
preferred and recommended. It is argued in the business world, that customer satisfaction
matters more than money. This can be useful from the point of view that this is a start
point for the expansion of the business with gaining the loyalty of customers for future
projects preferences and recommendations. Therefore, end-users’ satisfaction can be
considered as a good signal moving ahead.
B.4.2. Economic
Adopting fuel cell CHP created an ongoing investment to receive FiT payments under the
micro-generation incentives scheme which was satisfactory with just about 7 years
payback period. In addition, savings on energy bill were attained by the increased
efficiency. The power production efficiency was high with the use of fuel cell CHP. In
case study it reached about 85%. In case study 2, the report by Rhondda Cynon Taff
County Borough Council revealed that a dramatic decrease in electricity consumption is
attained as a result of installing fuel cell CHP at Troedyrhiw Home for the Elderly, as
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shown in Figure 70. Therefore, the installations of fuel cell CHP conserved more energy
as a result.

Figure 70 Electricity Consumption Comparison with the Year Following the Fuel Cell
CHP Installation (Rhondda, 2015)
B.4.3. Technology and Market
Fuel cell CHP are found to be an expansion of other renewable energy systems. Two of
the case study sites had solar PVs installed previously. Fuel cell CHP worked very well
in conjunction with them. They are found to be a good alternative to other renewable
energy systems. In addition, based on the performance of the installed fuel cell CHP, endusers progressed to adopt more fuel cell CHP units in case study 3. They got 11 of them
installed on the date of the interview. And by the beginning of 2019, 20 more will be
installed. Moreover. the outcome of the case studies projects influenced improved
specifications for installers, especially on spacing and connectivity.
B.4.4. Knowledge
In general, owners of fuel cell CHP believe that dealing with fuel cell CHP projects was
a good experience. They gained a better understanding of the whole process of
commissioning, installing and connecting fuel cell CHP to the grid and other systems.
They dealt with the challenges. They also gained a better experience on the market status.
In case study 1, following the fuel cell CHP project, CIBSE is ready to inform its members
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in the industry about them. The experience added also to the personal development of the
staff members who worked on the projects.
It was thought that institutions gained renown by adopting fuel cell CHP. “It has raised
the profile of the institution as well in that area because we are one of the very few
organisations that we are actually having one of those”, Interviewee-1 said. And “Since
the first installation in 2013 we have installed 10 more with plans to install more for 2018
making RCT one of the lead authorities in this technology”, Interviewee-2 said. Owners
of fuel cell CHP are particularly excited to be early adopters to the technology before the
majority of the population which makes them gain renown.
C. Moving Forward
C.1. Lessons learnt
C.1.1. Finance
There is an assertion on the financial support to cover capital costs of the fuel cell CHP,
“Cost of course. you know it's quite expensive, so incentives from the government are
useful”, Interviewee-1 said. Whereas, the incentives for operational costs through FiT
was satisfactory with just about 7 years payback period. The incentives that were offered
on the initiation of the projects for operational costs through FiT were satisfactory for the
adoption of fuel cell CHP. However, FiT is over and there is a need for planning other
incentive mechanisms.
C.1.2. Technology and Market
There was an emphasis in all case studies to work on planning ahead of any work to do
to the building or the energy system, especially with retrofit projects. It was indicated that
choosing the location of the fuel cell unit with the water tank could be a real challenge in
a domestic scale application such as for a small family house. Planning the connectivity
of the energy system before the installation also needs to be done in detail.
For example, in case study 2, it is reported that space was a real challenge to overcome.
The authority had to look at the sites in a bit more detail and do their studies before
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approaching the installer to provide a quotation. “So, the challenge is that do they really
fit and are they suitable for that building? That's the only challenges we really we've had
to overcome is space”, Interviewee-2 said. In addition, in case study 4, understanding
prior needs to achieve a trouble-free installation was a suggestion. For example, the
requirement for the flow and where it was going. Therefore, undertaking a selfassessment before the project was a common practice in the case studies projects and that
need to be looked at in detail in future projects before commissioning actual work
activities to avoid the waste of time.
In case study 3, it is reported that the only lessons learnt were mainly technical lessons
on the problems that were faced with the information and communication links. In case
study 1, an automatic gas supply switch is installed, which switches off automatically
rather than manually to bypass to the gas supply. Only then there were no problems in the
operation of the system. As a result, the development and review of the specifications of
the energy system would be very important for installers to give them guidance in a
documented form. Altering the design could be essential to accommodate the situation of
the building. For example, “A recommendation to alter the design of the flow root to
accommodate the situation of the building and avoid punching the waterproofing
membrane which could cause leaking on the long run”, in case study 4.
In case study 3, it is suggested that hydrogen is the fuel of the future for producing energy,
“As long as there is hydrogen, you can create electricity. You won't depend on wind or
solar or hydro and their conditions to be right to generate”, Interviewee-3 said. The
intermittent nature of renewable energy sources imposes the need for more reliable
solutions in energy generation, one of them is the storage mechanism in hydrogen as an
energy vector. The lessons learnt from case studies projects are mainly technical. The
lessons are reported and can be very useful in future applications of fuel cell CHP. The
involvement of owners in the projects facilitated the learning process about fuel cell CHP
with their technical background about energy production in general, achieving the main
goals of the projects of piloting the technology and contributing to the learning about fuel
cell CHP.
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C.2. Role of Actors
C.2.1. Government
It was confirmed that collaborative work is significant across all actors, the way other
technologies moved forward into massive adoption. However, the actors have different
weights for their contribution. There was a general agreement that the role of the
government is the main factor in driving the adoption process of fuel cell CHP by
providing incentives. In case study 2, it was suggested that without the FiT, it would be
very difficult for fuel cell CHP companies to develop and for the adoption to take place.
“I look at the public sector and the work that we do, yes, it can be pioneering, but if we
encourage this type of technology, the private sector may look at it as a cold investment
for the short term. Whereas, we look at this as maybe long-term and to encourage the
growth of this technology for future development in manufacturing and careers. So, we
may have a more of a political view than a financial view”, Interviewee-2 said.
Therefore, from owners’ point of view, the endorsement of the technology and providing
incentives in the form of financial funds are the main actions that can make fuel cell CHP
viable and help in the uptake of fuel cell CHP. This can be considered in the proposed
recommendations on the development of fuel cell CHP as discussed in Section 7.7.
C.2.2. Energy Companies
In case study 1, there is an emphasis on energy companies to take responsibility for the
fuel cell CHP the way they take responsibility for the boiler and the rest of the
infrastructure. In addition, the lack of technical expertise imposes the need for developers
to provide professional training to the technical people. “It was difficult to find people to
come and install. They were only three in the whole UK. Only if you had thousands of
those systems it wouldn't be possible to be installed”, Interviewee-1 said. As mentioned
previously in the challenges category, finding an installer was a challenge in case study
3. Therefore, the availability of installers is of great importance to the adopters of fuel
cell CHP for better uptake of the technology in the energy sector. Owners in the case
study projects have also emphasised manufacturers for improving the design of the
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system, optimising the performance and the overall efficiency and getting longer lifespans
of fuel cell CHP, as suggested by Interviewee-4.
ii.

Case Studies End-Users-Occupant Survey Analysis
The end-user (occupant) survey refer to Appendix (F) – Case Studies of End-Users in
Section 9.6.4). The participants were identified during the site visits to the four case
studies project. Twelve respondents in total were available at the time of visits. The
occupant survey aims to get perceptions from non-technical individuals who are using the
space where fuel cell CHP are installed.
In general, the respondents indicated high levels of overall satisfaction with adopting fuel
cell CHP. A majority (75%) expressed ‘agreed or strongly agreed’ that fuel cell CHP
created a convenient environment. A high majority (92%) ‘agreed or strongly agreed’ that
fuel cell CHP are safe for use. Half of the respondents (50%) ‘agreed or strongly agreed’
that fuel cell CHP are user-friendly and are easy to maintain. Responses are shown in
Figure 71.
Respondents found questions about user-friendliness and maintenance (Questions (3) and
(4)) difficult to answer, mainly because fuel cell CHP are remotely monitored and
controlled by a professional developer company. End-users normally are not required to
do anything and as respondents said: “We are not allowed to do anything”. Therefore,
these questions may have different interpretations for users. All respondents were aware
that a fuel cell CHP system is installed on their premises.
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Q4. To what extent do you agree that the currently
installed energy system is easy to maintain
0%
(repaired)?

33%

Q3. To what extent do you agree that the currently
0%8%
installed energy system is user-friendly?

25%

Q2. To what extent do you agree that the currently
0%
installed energy system is safe for use?

Strongly disagree

Disagree

Neutral

33%

8% 17%

17%

75%

Q1. To what extent do you agree that the currently
installed energy system has created a convenient 0%8% 8%
atmosphere?
0%

42%

17% 8%

58%

20%
Agree

40%

17%

17% 8%
60%

80%

Strongly agree

100%

120%

Don't know

Figure 71 End-Users - Occupant Survey Analysis
iii.

Fuel Cell System Components

All the studied cases have met with the technological design because the origin is the sole
UK agent (BlueGEN). BlueGEN is also the only fuel cell CHP product licensed under
the Microgeneration Certification Scheme. The typical design includes a CHP solid oxide
fuel cell unit, a water tank, and a pump for circulating the water going in. The gas meter
shows gas consumption. A generation meter and control system monitor the process
online and collect information on power generation and the general status of the fuel cell
CHP. The installations key connections are illustrated in Figure 72.
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Figure 72 Fuel Cell System Key Connections, Based on (Tesfai, 2015b)
iv.

Case Studies Projects Logic Models

The outcomes of the data collection methods in investigating the case studies are used to
depict the logic models, which are, interviews with end-users (owners) (Section 6.4.5.i),
the survey of end-users (occupants) (Section 6.4.5.ii) and observations from the site visits
(Sections 6.4.1, 6.4.2, 6.4.3 and 6.4.4). Logic models are used to depict case studies
projects as phase/resource matrix. Logic models are meant to visualise the matrix in a
simplified and logical order by presenting core components of the projects. They are read
from left to right and are viewed individually or collectively to recognise the unique
characteristics of the project and the similarities or differences between all the projects.
Hence, logic models are particularly useful in eliciting insights about case studies as in
Section 6.4.5.v. The logic models for each case study project are presented in Section
6.4.5.iv.
Logic models are simple maps with clear identification of the planned work (resources
and activities) and the goals (the intended outcomes). Logic models can be used by the
different project stakeholders and can be particularly useful by presenting them to
funders. The impact (outcome) of using fuel cell CHP in the investigated case studies is
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stated clearly in the logic models. The impact ranges from economic impact such as
utilising funding sources as ongoing investments and creating jobs. Commercial impact,
by validating commercial applications and issuing certificates. And, on R&D activities of
the fuel cell CHP technology such as developing the knowledge base, performance
analysis, improved specifications, etc. Moreover, awareness about technology increased
with Continued professional development and expertise. The developed logic models can
be used by administrators in future application fuel cell CHP projects to reflect on how
and why projects worked. In addition, they can be useful by working on the outcomes and
whether all the intended outcomes are useful to them or there is a need for implementing
changes. Hence, logic models can be used in future development work about fuel cell
CHP.
In short, logic models are useful in showing how activities descriptively produce the
expected outcomes. However, the explanation of these processes is described next in
Section 6.4.5.v about case studies insights with possible pathways of change in an
explanatory approach.
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Figure 73 Case Study One Logic Model
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Figure 74 Case Study Two Logic Model
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Figure 75 Case Study Three Logic Model
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Figure 76 Case Study Four Logic Model
v.

Case Studies Insights
First of all, in the investigated case studies, fuel cell CHP were considered for testing as
a system with potential benefits. The cost-benefit analysis in the feasibility studies helped
to visualise the allocation of costs for the different project phases. Overall, the payback
periods were satisfactory and matched the budgets available to enterprises. The selection
of Fuel cell CHP came next after solar photovoltaics systems which were installed in two
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projects beforehand. Solar photovoltaics is better known to the public. Fuel cell CHP
worked well in conjunction with other renewable energy technologies without any
problems as projects’ owners reported.
The adoption process was not easy at first. The challenges mainly concern the different
mode of operation from traditional systems, such as information network connections,
continuous operation, remote monitoring, unit size etc. The system configuration was
typical for all case studies projects as they belong to the only available brand in the UK
fuel cell CHP market. However, bearing in mind that one of the objectives of these
projects is to gain knowledge about the system and how to operate it, the results were
satisfactory after studying the initial outputs and closely monitoring the progress of the
projects. These challenges helped improve the technical specifications for general use in
future projects. The knowledge gained is transmitted through published papers for some
projects. In addition, it allowed for the personal experience of individuals involved in
those projects.
From owners’ point of views, the factors that lead to successful projects in the case studies
were about minimal failures, adequate financial support, meeting target budgets and
expectations. Therefore, fuel cell CHP fulfilled projects’ goals for educational purposes
and creating on-going investments. This led to the decision to adopt a number of
additional units in the new projects. It also seems that the owners are proud of this step
based on considering them as primary adopters of fuel cell CHP. However, an emphasis
was put on the financial support which has a pivotal role in this phase of market
development. Until prices go down, fuel cell CHP cannot penetrate the market without
such support.
A reflection on the findings of the case studies showed some similarities and differences
between the types of the applications in the investigated case studies of end-users and the
residential scale of fuel cell CHP applications (the focus of this research). As mentioned
previously in the description of the investigated case studies, fuel cell CHP are used in a
variety of application types, for an elderly people housing, a college, enterprise
headquarter and a school. The similarities and differences mentioned below are described
concerning the current fuel cell CHP model, the BlueGEN fuel cell.
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Similarities between the cases are that FiT payments were generated in those projects as
that was the main driver for the investment in the technology of fuel cell CHP. The
awareness about fuel cells is low which is similar amongst the sample as appeared in the
survey results. End-users in the case studies had a different interpretation when they were
asked about whether the fuel cell system is user-friendly or not. A group agreed that the
fuel cell system is user-friendly because they do not do anything as it is monitored by the
installation company with regular maintenance which is covered in the contract. While
the other group perceived it as a non-user friendly because they cannot do anything to it.
In case study 1, it was thought that homeowners could find it difficult because they are
likely not wanting to think of switching it on and off. This is a feature of the currently
available fuel cell CHP model which may not be the case in future models. Technology
changes and users normally adapt with time if they see additional benefits achieved.
On the other hand, in the investigated case studies, the capital cost was not an issue as it
was funded by government bodies. This is not necessarily the case for a residential scale
application. The required connectivity for the system could be done easier on a domestic
scale as it could be done from an external wall for example. Moreover, space was an issue
in the case studies. Therefore, for a residential scale application that would also be an
issue and it could be a more difficult one.
6.5

Summary

This chapter has presented the results of the three data collection exercises performed in
the study – the public survey, the interviews with professionals and the case studies of
end-users. A nonparametric approach is adopted for the analysis of the public survey.
Thematic analysis is applied for analysing the interviews with professionals for analysing
the interviews in the case studies of end-users. The principal findings with their
implications are discussed in the next chapter.
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Chapter 7. General Discussion – Explaining Fuel Cell CHP Uptake in
the UK Through Rogers’ Diffusion of Innovations Model
7.1

Introduction

Chapter six focused on the results of the three research methods - the public survey; the
interviews with professionals; and the case studies of end-users, by looking at the current
state of fuel cell CHP and factors affecting the adoption of fuel cell CHP. Currently, only
a few fuel cell CHP are being used in the UK on a residential scale. But on the other hand,
fuel cell CHP have succeeded in other countries with significant uptake in Japan. This
chapter concluded that fuel cell CHP are perceived as advantageous, both personally and
for the interest of society. Fuel cell CHP are seen as an energy investment and
environmentally friendly choice for the adoption soon.
This chapter aims to analyse the main findings of the research using the research
objectives indicated earlier, which are: to review previous evaluations of fuel cell CHP
energy systems; to assess the attitudes and behaviours of both current and potential
adopters of fuel cell CHP; to identify the key drivers and challenges for the adoption of
fuel cell CHP, and; to identify the opportunities and development for fuel cell CHP
applications in the residential sector in the UK.
A review of previous evaluations of fuel cell CHP is made to identify the focus of the
evaluation in this research on the social dimension, corresponding to Objective 1 of this
study. Following that, a review of the available theoretical frameworks and models of
technology evaluation has been done. Some previous research claims that individuals play
a passive role in the process of adopting innovation. However, in this study, individuals
are employed as central actors with the use of Rogers’ (1983) Theory of Diffusion of
Innovations, considered relevant for this study. Rogers’ model accounts for pre-diffusion
series of activities by considering past experiences and the awareness about other issues
related to the technology, not dealing with the technology in isolation. This model
examines the technology over time and recognises the role of key people in influencing
the adoption of the technology. The discussion is also made about the two cases of
potential and current adopters, corresponding to Objectives 2 and 3 of this study.
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The theoretical framework discussed in Section 4.8 is used in this research in three main
activities: 1-to inform the design of the research methods, determining the underlying
factors concerning individuals’ attitude and behaviour (in Chapters 5 and 6); 2- to
structure and report the decision-making process for adoption of fuel cell CHP (in Chapter
7); and 3- to draw out the key drivers and challenges associated with the application of
fuel cell CHP (in Chapters 7), corresponding to Objective 4 of this study. By taking into
account the needs of individuals, the outcome of this study can be used to identify
opportunities and provide recommendations for the development of fuel cell CHP
applications, corresponding to Objective 5 of this study.
7.2

A Review of Previous Evaluations of Fuel Cell CHP

It has recently been observed that the evolution of research in fuel cell has increased
significantly as a result of pressure to find radical solutions to the current problems of
energy and related environmental problems. This research highlighted the important role
of fuel cell technology in this area. Fuel cell CHP is under ongoing development with the
majority of research in the last decade focuses on technical development, as shown before
in Section 4.5. Although previous research asserts public engagement in the process of
energy system change (CCC,2018a; Wang, Wang and Fan, 2018), the survey of previous
evaluations of fuel cell CHP on a domestic scale showed that few studies have touched
on social factors related to the adoption of fuel cell CHP technology.
In democratic countries where the voices of people are heard and when people find
themselves responsible contributing, as shown in this research in the public survey,
technology cannot operate in a vacuum separate from society. Moreover, the dependence
on fossil fuel with its relation to pollution, climate change and energy security issues
remains a debate among societies. These factors present several challenges for society
and multiple opportunities for the application of innovative technologies. Thus, there is a
need to develop solutions that are acceptable to end-users.
Therefore, this research tried to view fuel cell CHP in a way that achieves synergy
between technical and social systems. It looked at the key drivers and challenges
incorporated with the use of fuel cell CHP, as perceived by potential and current end218 | P a g e

users. In responding to individuals’ needs, this research examines the value of the
investment in research and development of new energy technologies in general and fuel
cell CHP in specific. The awareness of the social dynamics that drive change in public
expectation is believed in this research to contribute to not only existing problems but
also to creating opportunities for long-term benefits, driving sustainability.
7.3
7.3.1

The Case of Potential Adopters
The Prior Conditions for the Adoption of Fuel Cell CHP

Prior conditions in Rogers’ model relate to the situation where the system was previously
before the adoption of the innovation takes place. They refer to the previous practices,
perceived needs and existing problems, the degree of innovativeness of the decision unit
and the established social norms (Rogers, 1983). In the current situation, there is a belief
among respondents to the public survey that the UK is facing energy problem, reflecting
concerns about energy security and energy poverty. Concerns are also very likely related
to the use of fossil fuels which naturally take millions of years to be rebuilt. As for climate
change, it has been of greater concern to participants in the public survey who emphasised
the belief that climate change problems exist in the UK. This is borne out by the
widespread public demonstrations about climate change in 2019. Thus, the main needs
described in the survey are supply security and environmental protection.
It could be shown in different questions of the survey that the survey sample fit into
innovativeness profile. Respondents find themselves responsible for taking action
towards the existing energy and climate change problems by adopting new energy
technologies. A majority of them are willing to adopt energy efficiency measures and
renewable energy sources, therefore, accepting several change measures. This can be
linked to the wide demonstration in favour of taking action towards climate change, as
well as, the oil shock which created an interest in alternative solutions. However, history
about past events and current practices are not considered in Rogers’ model.
7.3.2

Knowledge Stage

This stage describes the knowledge about the existence of the technology and how it
operates (Rogers, 1983). Being asked about previous knowledge about fuel cell-based
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energy systems, understanding about fuel cell CHP was wide-ranging. Those who did not
know about fuel cell CHP, those that are aware of fuel cell CHP but do not understand it,
those who understand the basics, with only 6% have principles knowledge about fuel cell
CHP energy systems. However, the survey did not try to explain how knowledge
acquisition occurred. This is suggested to be done in a future investigation as it can
explain how communication channels are primarily created throughout the social system.
Rogers’ model includes the understanding of previous experiences and awareness about
the technology and other conservation of energy issues, which can impact the adoption.
It suggests that as the awareness of technology grows, so does the tendency to use it.
However, it is argued that a detailed technology composition and operation knowledge
can be that useful in the decision-making stage. According to one of the professionals
interviewed, the fuel cell should be sold just like a boiler. Later in this discussion, it is
shown that describing benefits is the most important factor in the persuasion stage of the
decision-making process.
Rogers also indicate that negative experiences can ramify the adoption of technology.
Among the sample of respondents, there appears to be no prior knowledge of fuel cell
CHP, neither positive nor negative experiences. This can be explained with the absence
of demonstration projects that can be reached throughout the UK. At the same time, fuel
cell CHP do not have an impact on the UK’s energy market yet. This "neutral" attitude of
participants from their previous experience acquires knowledge in the persuasion stage
very important in the decision-making process.
7.3.3

Persuasion Stage

In this stage, individuals try to deepen their knowledge about innovation, seeking more
information about its advantages and disadvantages. For this purpose, the attributes of the
innovation are very important and directly stimulate adoption intention or behaviour or
both. The 1- relative advantage; 2- compatibility; 3- complexity; 4- triability; and 5observability of fuel cell CHP are discussed (Rogers, 1983).
Regarding the relative advantage, respondents were provided with information about fuel
cell CHP using technology characteristics and Informed Choice Questionnaire concepts,
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as discussed in Section 5.4.2. ii. Although participants were advised to add related
comments or queries, it is believed that the nature of questionnaires does not create clear
communication channels to facilitate in-depth conversations about the new technology.
This stage is very important for individuals to gain in-depth knowledge about the system,
leading to the decision on the adoption or rejection of fuel cell CHP. Despite that,
favourable responses were received with a majority being able to make a decision.
However, other methods such as in-depth interviews can be used to facilitate knowledge
acquisition as needed by individuals.
As mentioned earlier, the participants highly valued the environmental benefits of the
new system with a majority is willing to pay more money to adopt the new system.
Besides, 30% of the sample prioritised environmental benefits in their selection of a new
energy system for adoption. Moreover, Respondents to the public survey have indicated
more emphasis on energy efficiency and installing retrofit aspects over renewable energy
deployment as a solution for the current energy problems and the associated climate
change issue. Respondents expectation for new energy systems tends to be for highly
efficient systems. Half of the sample respondents expect that the new system is novel.
In the same time, respondents perceived new energy systems to be expensive ones.
However, participants expressed a preference for subsidising running costs over the
upfront capital cost of the energy system to be adopted. In general, respondents highly
valued the benefits of the new system as long as the cost does not exceed £1,000 over the
cost of a conventional energy system. The high cost “too expensive”, “uncertainty of
performance”, “safety”, and “difficulty in finding good installers” are all likely to
influence hindering the adoption of fuel cell CHP.
As for the compatibility of the system, the differences are about the size of the system,
which is found to be not compatible, it is not expected to be bigger than a washing
machine, which is not the case at the time being with the available fuel cell CHP model.
The current model is combined with a boiler to generate heat in addition to the storage
water tank. This can be a major challenge in the wider adoption of fuel cell CHP,
especially in smaller properties. The fuel cell attributes of continuous operation and the
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remote monitoring of the system are not tested in this study. This can be investigated in
further research to test their influence on individuals’ decision.
The complexity of fuel cell CHP might be translated with the need for continuous network
connectivity and managing several units of the system (the fuel cell, the gas boiler and
the water tank), as in the BlueGEN model. This aspect is not tested in the survey in this
research. If this is the case in future models, it is suggested to examine the influence of
these features on the decision-making in future studies. Regarding testability, Rogers
asserts that the greater the degree of testability of innovation, the greater the propensity
of the operative unit to adoption. However, in this research, testability (for example,
through demonstration projects and others) was not applied. The observability of fuel cell
CHP was highly valued in terms of the reduction of energy bills and the reduction of
harmful gas emissions.
7.3.4

Decision Stage

This stage is about the engagement of individuals in activities that lead to choosing to
adopt or reject the innovation (Rogers, 1983). Rogers argues that the technology must be
compatible with an individual’s values and beliefs. He also recognises the influence of
previous experiences. Moreover, he asserts that the more people know about the
technology, the more likely they will adopt it. While his assertions help explain fuel cell
CHP use, it is argued in this research that this is not always the case.
Although participants noted that fuel cell CHP is relatively new, there was not a firm
negative reaction to using fuel cell CHP. Participants accepted a change to an entirely
different mode of individual energy generation and different fuel type, taking into account
the overall benefits of the system presented in the persuasion change. An interesting
finding is seen when comparing the adoption decision in two situations: 1- before
mentioning the name of the technology and just mentioning advantages (75% adoption
decision) with 2- after mentioning the name of the technology (57% adoption decision).
Therefore, although awareness level about fuel cell CHP was low, the name of the
technology influenced the decision-making-process.
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Moreover, Rogers stresses on knowledge gain about the technology but does not provide
a clear definition for it. Individuals receive information differently. Therefore,
demographic information was captured in this research to discuss the similarities and
differences among the sample. In this research, the portion of the sample which has a
level of higher education is not proportionate to the population sample, as discussed in
the survey results in Section 6.2.4.v. This may relate to how individuals view information
about fuel cell CHP. Although the statistical Chi-square test did not show a significance
in results, there might be a bias in the sample originated from the high share of this certain
group of participants.
The study of acceptance of technologies at a very early stage of its diffusion, even before
it appears on the market, is of course not without some challenges. At this early stage,
individuals lack knowledge and awareness which means they have not yet formed strong
opinions about the technology. Therefore, information about fuel cell CHP technology
provided by the study might have biased their opinions. However, this situation is similar
to that of any technology in the early stages of entering the market. Hence, this is not
considered a serious threat to the validity of the results.
In the end, decisions were made about the adoption of fuel cell CHP with just over a half
of the sample respondents are willing to adopt it and only a few of them (6%) rejected it.
Current trends can have a positive or negative impact and change over time that shapes
knowledge and perceptions. The research outcome asserts that relevant factors about
climate change lay a solid foundation to establish a committed group of actors, including
the vast majority of the sample who find themselves responsible to contribute to the
current situation. This outcome can be particularly important in light of Bolderdijk et al’s
study. Bolderdijk et al (2013) confirmed that people like to see themselves “green”, by
calling for the protection of the environment, rather than “greedy”, by demanding savings
on energy bills.
This study also confirms the importance of technology having a relative advantage to its
supersedes. Reductions on energy bills and carbon emissions have influenced the
adoption decision among the sample. Besides that, rational assessments are not the only
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considerations involved in the acceptance among the sample. Feelings of moral
obligations or responsibility towards the environment were important factors as well.
In this study, it is found that the Diffusion of Innovations theory successfully predicts the
acceptance of fuel cell CHP in the covered sample. The confirmation of the predictions
made based on the Diffusion of Innovations theory has important implications for
promoting fuel cell CHP. This means that not only individual benefits are communicated,
but also societal and environmental benefits in communicating with potential adopters
are emphasised.
7.3.5

Role of Special Groups

Government is identified among the sample group as having a major responsibility to
protect the environment and secure energy for the public. Besides, the participants took a
high responsibility in solving existing environmental and energy problems themselves.
This is translated in adopting other measures, such as insulation, efficient energy use, etc.
as well as novel energy technologies. At the same time, the innovativeness was high in
the sample participants. This confirms the significance of the role of this group in the
decision-making process of fuel cell CHP as early adopters, as explained later in Section
7.7. Moreover, the role of scientists is significant in collaborating with other groups, as
identified by potential end-users to develop reliable and efficient energy technologies that
can have an impact on solving current environmental and energy problems.
Measuring the adoption of novel energy technologies involves examining “actual use”
and “intent to use”. It is argued that measuring the intent to use of technology, as potential
adoption opportunity, involves difficulties in measuring actor’s “intension to use”.
Wüstenhagen and Bilharz (2006) argue that “long way from declaring a willingness to
pay to take the actual purchasing decision”. Therefore, in this research, the findings from
both approaches of evaluation, the “actual use” and the “intent to use” are compiled and
discussed in an overall view. The case of current adopters is discussed next, following a
similar sequence to this section.
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7.4
7.4.1

The Case of Current Adopters
The Prior Conditions for the Adoption of Fuel Cell CHP

In the case studies, before the use of fuel cell CHP, grid electricity and natural gas boiler
were used widespread, on a national level. In two of the projects, solar PVs were used.
There was no standard between what should be adopted as long as the innovation is
feasible. The quest for sustainable energy generation urged projects’ owners to choose
between the few available energy systems. The innovativeness of adopters was high in
the case studies. All of the adopters anticipated the adoption of new technologies. They
showed enthusiasm for fuel cell CHP adoption. Also, they had an interest in power
generation and energy technologies in general.
Therefore, the perceived needs were about sustainable energy aspects of energy efficiency
and environmental protection. These needs have prompted efforts on a national level to
deal with the status seriously, emphasising on energy efficiency and looking for new
approaches in energy. All of the above, calls for alternative solutions to assure the longterm future.
7.4.2

Knowledge Stage

In all of the investigated case studies, the staff had little previous knowledge about the
functioning of fuel cell CHP, reporting that the implementation was done by an
organisation operating in this sector. It is suggested by Rogers that the lack of knowledge
affects the innovation decision process negatively, especially in the case of a more
complex system, where a greater degree of knowledge is necessary. In two cases, the lack
of knowledge seems to not affect the adoption, as the technology was adopted for
educational purposes to gain more knowledge about the technology. However, this type
of adopters is considered as special types, who’s role will be included in the discussion
about future opportunities and development of fuel cell CHP in Section 7.6.
The knowledge of fuel cell CHP operation by owner representatives and members of the
energy management team occurred after the adoption stage, at the implementation and
confirmation stages. Issues appeared in later stages and there was a need to adapt the
system from the supplier’s side as well as adapting the existing conditions in the
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surroundings, for example, network connectivity. Only individuals from the strategic and
management level appeared to have acquired some knowledge about the operation of the
system. However, this knowledge is limited, as the monitoring of fuel cell CHP is done
remotely by the supplier.
7.4.3

Persuasion Stage

The relative advantage is the perceived benefits of fuel cell CHP relative to the costs of
adoption. Before the adoption of fuel cell CHP, the expected benefits of adopting fuel cell
CHP were related to financial, environmental, efficiency, and prestige aspects. Also,
environmental benefits were seen as an important driver in the decision-making process.
Moreover, fuel cell CHP were found to be the most efficient available CHP technology
on a micro-scale of use. Also, fuel cell CHP were perceived as less faulty with less need
for maintenance, based on the fact that fuel cell CHP do not have moving parts as the case
in mechanical-based energy systems. Furthermore, the novelty of fuel cell CHP has
created an interest in the system.
In the case of fuel cell CHP, subsidies were provided on a long-term feed-in-tariff. The
participants highly valued the payback periods of less than 7 years. The projects were
considered as energy investments that work under the FiT tariff scheme, which attracted
adoption. But, at the same time, the capital cost was problematic and unless internal
financial funding is provided to cover this cost, fuel cell CHP would not have been
adopted. As noted in Chapter 2, numerous studies on fuel cell CHP and new energy
systems, in general, emphasise the key role of incentives play on encouraging the uptake
of these technologies (Dodds, 2014; Hoppe et al., 2015; McKenna, Pless and Darby,
2018; Staffell et al., 2019b). Rogers (1983) also emphasised the role of incentives on
adoption as they can increase the relative advantage of the technology.
The compatibility of fuel cell CHP depends on their fit into the adopters’ needs, values,
lifestyle and past experiences. Adopters were open to change and willing to explore this
new technology, knowing in the first place that fuel cell CHP have a different functioning
principle (chemical not mechanical). The technology fits into their needs of generating
energy and utilising the available financial resources through the FiT scheme. Also, fuel
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cell CHP fit into the interest of members of the energy teams in energy technologies and
power generation. However, a challenge faced was the lack of installers and that fuel cell
CHP are not integrated into the ordinary selling channels by energy companies. Other
aspects were discovered in the implementation stage of fuel cell CHP.
It is advised in this stage that potential adopters are exposed to the technology in a trial
period. However, this was not possible in the size of fuel cell CHP and few demonstration
projects exist. The complexity of fuel cell CHP relates to the complexity of the technology
itself and the use of the technology. The installed model of fuel cell CHP was found to be
complex, requiring a considerable space to install the three main units (fuel cell CHP, gas
boiler and water tank). As for the use of technology, individuals could not decide on it at
this stage, before the implementation has taken place.
Individuals were able to observe the results through the expected energy output of the
system and how this can cover their demand, the environmental observability and the
reductions on energy bills, as fuel cell CHP were regarded as energy investments. Other
aspects of the technology were discovered in the implementation and confirmation stages.
Participants of the case studies were interviewed after the adoption has taken place. It
would have been more useful to capture their attitudes towards fuel cell CHP before the
adoption has happened. In future studies, longitudinal studies can address this issue and
compare pre-adoption and post-adoption phases, which can add valuable insights.
7.4.4

Decision Stage

In general, individuals who have already adopted fuel cell CHP focused mostly on the
benefits and less on risks or disadvantages, leading to the adoption decision. The positives
linked to the relative advantage of fuel cell CHP were important factors that would
probably meet the perceived needs, as mentioned in the prior conditions about the pursuit
of sustainable aspects in the projects. In addition, fuel cell CHP projects were seen as
investment projects. The connections of the decision-makers and their energy-related
experience have helped with more confidence to take the adoption decision. The decision
in all case studies was taken to test the technology, accordingly, all projects were
considered as pilot projects. At this early stage of the adoption, the triability of fuel cell
227 | P a g e

CHP could not be achieved due to the lack of demonstration projects available.
Consequently, the results of these projects are valuable for moving forward.
7.4.5

Implementation Stage

The implementation stage takes place when the individual puts the technology into use
and when the new idea becomes a part of the daily operations of the subject (Rogers,
1983). It can be seen that this stage is ended. The system has been put into use for several
years, which demonstrated the stabilisation of system use. An adjustment phase resulted
while applying knowledge directly to the practice in the implementation stage. At this
point, knowledge increased about fuel cell CHP energy systems and their use, from which
several challenges arose. It was found that space can be a problem but, it could be
overcome. In addition, there was difficulty in dealing with many technologies within the
entire system. However, in general, fuel cell CHP have been found to do just as it said
and the outcomes were satisfactory to the adopters. Adopters were positive towards
having their electricity generation monitored by an external company.
Individuals’ skills are important factors in the implementation stage of the technology.
However, fuel cell CHP were installed by an external company and following that, they
were monitored remotely. Therefore, it is argued that individual skills will have an impact
at this stage, which could be an advantage for implementing fuel cell CHP in the
residential sector, where people tend to only want their energy system to operate without
much effort from their side.
7.4.6

Confirmation Stage

Despite the challenges that arose in the implementation stage, at a later time, the adopters
were satisfied at the confirmation stage especially with the efficiency of fuel cell CHP.
The high efficiency has a positive effect on reducing consumption which reduces energy
bills and environmental damage and preserves available resources. Besides, the system
cost under the FiT scheme was attractive, which allowed continuous investment with a
payback period of fewer than 7 years. Moreover, fuel cell CHP worked in conjunction
with other renewable energy systems without interference. Although current models of
fuel cell CHP do not fully utilise their potential in terms of hydrogen use, energy use for
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storage and supply security, opportunities are believed to exist with the future use of
hydrogen.
On the other hand, the capital cost of fuel cell CHP is very high, without the internal
grants, the adoption would not have been possible in three out of four cases. Fuel cell
CHP were viewed as complex compared to conventional energy systems or simply
extracting electricity from the grid. However, these difficulties are often faced by
specialists and project leaders. Their involvement in supervision and follow-up work is
part of their professional duties as well as their desire to learn about and experience this
new technology. However, end-users (households) may not face these difficulties because
acquiring technical expertise in technology may not be one of their priorities. The energy
system is monitored remotely by the operator and the maintenance team. Therefore, the
complex nature of the system is not an obstacle to the adoption of this technology.
Overall, the decision about the adoption of fuel cell CHP was reinforced, leading to
continued adoption. Adopters were willing to adopt more fuel cell CHP in three out of
the four investigated cases. The initial adoption of fuel cell CHP in case study 3 has led
to 20 more planned installations.
7.4.7

Role of Special Groups

In the investigated case studies, adopters had a great interest in technology as a new idea,
wanting to gain more knowledge about it. Their energy-related experience makes them
willing to understand and apply the possible technical complex knowledge about the
system. Also, all of the adopters had some authority from the fact that they could allocate
budgets from local authorities and within the organisations they belonged to, willing to
take some risk in trying this new technology. This perfectly fits the description of
“Innovators” group as described in Rogers’ theory, mentioned in Section 4.8.2.i. They
played a gatekeeping role in the diffusion of fuel cell CHP into the social system. Also,
the role of educational institutions was obvious in two of the case studies. The adoption
for educational reasons has many benefits in informing the members of the institution,
developing the technology and raising awareness about the technology. Therefore,
reaching out within educational programs and research is identified as an important action
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to take while communicating fuel cell CHP technologies. Besides, the role of government
is pivotal in providing adequate funds for both capital and running costs.
7.5

Potential and Current Adopters in the Decision-Making-Process

Table 37 lays out the concepts identified above, according to Rogers’ theory in the
decision-making-process and how these concepts are applied in the case of fuel cell CHP
in the residential application in the UK for both current and potential adopters (end-users).
The comparison reveals almost similar motivational factors and perceived value for both
types of end-users. Prior conditions and relative advantages of fuel cell CHP explain the
likely adoption of the technologies by which the future opportunities and development of
fuel cell CHP can be designed. Meanwhile, participants in both current and potential enduser groups share similar characteristics for a high level of innovativeness.
Among the two groups, the enthusiasm about using fuel cell CHP was high considering
the perceived benefits. The currently available model of fuel cell CHP requires a
continuous operation, remote monitoring and a combination with other units (a boiler and
a water tank). These aspects were not assessed in this research but were found to be
important to current end-users in the implementation stage when they actually used the
technology. The system size is tested instead in the public survey and this is to be
considered in future models (i.e. size of no bigger than a washing machine). The
implication of the integration of the adoption process cases of both current and potential
end-users is used in the design of future opportunities and development of fuel cell CHP
energy systems as discussed in Section 7.7.
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Table 37 Aspects of Rogers’ Technology Adoption Model to Explain the Adoption of
Fuel Cell CHP in the UK Residential Sector

Stage
Prior
conditions

Potential Adopters Current Adopters
Comparison
(Survey Sample)
(Case Studies)
Problems
Climate change
Oil shocks and
Climate change
climate change
may play a role on
adoption of fuel
cell CHP
Innovativeness High
High
Similar

Attributes

Norms

Grid electricity and Grid electricity
natural gas boiler
and natural gas
boiler

Knowledge Awareness

Little aw areness of More
technology
awareness of
energy
conservation and
technologies in
general
Prior
Not really noted
Previous
experience
experience with
with technology
energy
technologies in
general

Persuasion Economic
Relative
Advantage

Capital cost is
£1,413 than
accepted by the
sample

Covered through
government and
internal funds

Running costs are
very appealing

Running costs are
very appealing

Similar

Explanation
More
opportunities
for technological
diffusion
Can be
considered as
early adopters
Accepting a new
mode of energy
generation
implies a high
innovativeness
level among
participants

May partially
explain more fuel
cell CHP adoption
by energy
specialists

Underlying
conditions affect
awareness, not
just awareness of
technology

May partially
explain more fuel
cell CHP adoption
by energy
specialists

Underlying
conditions affect
awareness, not
just awareness of
technology

Explaines
adoption by
government
bodies and larger
institutions

Incentives for the
capital cost of fuel
cell CHP is
necessary.
And, an
equivalent of
feed-in-tariff is
required

Environmental
Relative
Advantage

Carbon reduction of Carbon reductions May play a role on More
one-tenth is highly are highly valued adoption of fuel opportunities
valued
cell CHP
for technological
diffusion

Compatibility

System overall size
is too big. Should
be not bigger than a
washing machine
Continuous
operation and
remote monitoring
are not tested

System overall
size is big
Continuous
operation and
monitoring are a
bit weired
No ordinary
selling channels

System size is
important
Similar in both
cases

Further effort on
reducing the
system size is
required.
Operation mode
to be tested in
further research.
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Stage

Potential Adopters
(Survey Sample)
A combination of
several units (boiler
and fuel cell CHP) is
not tested

Current Adopters
Comparison
(Case Studies)
Difficulty in
Cannot be
dealing with many compared
technologies
within the entire
system with
remote
Monitoring

Triability

At present, no
option for trial
period and limited
demonstration
projects

At present, no
Generally does
option for trial
not exist
period and limited
demonstration
projects

More
demonstration
projects can be
helpful

Observability
(outcome and
impact)

Reductions on
energy bills and
carbon emissions
are highly valued
Government,
scientists and
individuals

Reduces energy
bills and
environmental
damage
Energy team
members in
Government and
educational
institutions

More
opportunities
for technological
diffusion
Implication for
targeting
educational
programs.
Government's role
is important for
providing funds.

Attributes

Persuasion Complexity

All

Change
Agents

Similar

Almost similar

Explanation
System size is a
problem but
dealing with the
system can be ok
with the remote
monitoring

The final feature of Rogers’ model is the efforts of change agents or intermediaries.
Change agents are the special group(s) of a social system that seeks to influence the
decision of a person or an organisation to adopt (or not to adopt) a technology. The
principle is that change agents are more successful in ensuring that technologies are
adopted through several criteria including their efforts to contact customers, direct their
efforts to customers versus change agents, the extent of their work with opinion leaders,
etc. (Rogers, 1983). However, as explained below, this definition does not provide
enough attention to the dynamics occurring between these change agents as stakeholder
groups.
By far, the most organised efforts are those of the Scottish Hydrogen and Fuel Cell
Association (SHFCA) which is already an active body in the UK aimed at helping
hydrogen and fuel cell companies innovate and grow. They shouldered most of the
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responsibility of creating awareness and understanding of hydrogen and fuel cell
technologies among different actors (e.g. engineers, potential developers, academics,
etc.). They are seeking to influence government decisions in policymaking. The second
effort, are the efforts of the Hydrogen and Fuel Cell Research Hub (H2FC SUPERGEN).
The individuals working on the projects would be considered change agents. Through
their research, information about fuel cell CHP is increasing in the UK. More efforts have
been made by iPower, a developer working on making certified fuel cell CHP more
accessible to the population (e.g. under FiT Micro-generation scheme).
Some fuel cell companies noted in the interviews that, since most of their time is spent
on keeping afloat, they did not have time and enough financial resources to devote to
raising awareness and promoting technology among potential end-users. Many
companies also claimed that the UK government was doing little to promote fuel cell
technologies and some informed that the government was simply not interested in this
technology. At the same time, fuel cell companies have focused their efforts on European
projects which are more viable. For example, in Fuel Cells and Hydrogen Joint
Undertaking initiative which is a public-private partnership to develop fuel cell and
hydrogen market. The change agents are individuals working on the projects. Through
their efforts (e.g. workshops, presentations, advocacy efforts), information about
hydrogen and fuel cell is increasing amongst experts and also amongst municipalities.
In conclusion, efforts to increase awareness and understanding of fuel cell CHP amongst
the general population by consultants, companies and government officials are, in
general, sparse due to the lack of time and resources, and the lack of interest in the case
of some government agencies. It can be noticed that the philosophy of most of the work
in the above-mentioned efforts by the various organisations stresses getting the social
situation to fit the technology. Most of their efforts are focusing on increasing knowledge
of potential investors. While, in this research, an emphasis on getting the technology to
fit the social situation is made. Rogers’ model failed to account for these different types
of knowledge are being pursued at the same time (the dynamics within the system).
Results indicate that while incentives are important steps to encourage the use of the
technology, their ability to directly assist the adoption of fuel cell CHP is not clear. Given
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that respondents mentioned that cost is not the only factor, there exist some other factors
that alter expected assumptions. For example, in Japan’s experience, energy scenario
changed after the greatest east Japan earthquake in 2011. The government formulated a
strategic plan influencing energy security, economy and environmental conservation, by
which fuel cell CHP were adopted on a considerable scale. Similarly, in the UK and
globally, history about oil shocks and climate change affect the decision-making process.
In addition to dealing with hydrogen as a flammable gas and the several explosions in the
past can be of concern to people given the history of hydrogen. Moreover, context can be
important too. It was reported that fuel cell CHP had been a choice because that was the
only available option that enabled adopters to benefit from available financial resources.
Therefore, context matters in the decision-making process. Rogers’ model fails to account
for history and context.
7.6

The Key Drivers and Challenges Towards the Adoption of Fuel Cell CHP

From the above, this empirical study implies in contrast to what is often assumed and as
proposed in the Technology Acceptance Model (Davis, 1985), individual benefits are not
the only driver of technology acceptance. Moreover, contradicting with the Consumer
Choice Theory (Rao and Kishore, 2010; He et al., 2016), external factors such as policies
and incentives are not the only factors driving the diffusion of technologies. Societal and
environmental considerations are also important factors for accepting technologies that
benefit the environment and society in general.
The mentioned advantages related to fuel cell CHP characteristics were satisfactory to
individuals who decided to adopt a fuel cell CHP energy system. The following Table 38
presents a summary description of fuel cell CHP with the attributes related to the
adoption, showing percentages of an agreement to indicate their importance level, as
perceived by end-users according to the results shown in Chapter 6. Similarly, the factors
related to the rejection of the technology are presented in Table 39. These factors are seen
in this study as important elements to consider in designing opportunities and developing
future models of fuel cell CHP on a residential scale in the UK, as described in Section
7.7.
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Key Drivers
From the adoption decision-making-process, it can be learned that relative advantage
about efficiency, on-going finance through incentives and environmental benefits are the
main influential factors. This is in line with the findings of Hobman and Ashworth (2013),
who emphasised that the information about the cost of generation and emissions of energy
technologies changes the public support dramatically. This is also compatible with the
UK’s Energy Trilemma. Efficiency is mainly embedded in the CHP generation mode.
Efficiency was the main driver for adopting fuel cell CHP. Moreover, fuel cell CHP
maintains the same level of efficiency at all scales of application. Professionals stressed
that fuel cell CHP subsidies are based on the government conviction of the importance of
efficiency and their support on this basis. Maximising the efficiency can be done using
hybridisation to make the best use of fuel. Fuel cell CHP could also be used as a
conversion device in the case of deploying hydrogen. In light of Shove’s argument (2018)
to find appropriate solutions to present as well as future ways of life, fuel cell CHP can
be used in a transitional phase to the utilisation of renewables as fuel cell CHP are still
dependent on natural gas. In addition, there are other efficiency measures that individuals
are willing to take, such as retrofit of existing buildings.
Saving money is an important driver for adoption. The payback period of around 7 years
is satisfactory, working under the FiT. In addition, the financial independence of
households can be achieved as each house can make money by producing its energy and
exporting the surplus to the grid. This reduces energy loss through transmission, adding
value to the investment in fuel cell CHP energy systems. However, if the energy system
brings additional benefits, such as saving the environment, providing comfort or extended
warranty, a majority of the participants are not willing to pay more than £1,000 over more
standard energy systems such as boilers.
The sample’s opinion about the environmental benefits of new energy systems must have
been related to their knowledge of the impact of climate change on them directly. As
climate change can be framed as a health issue, it is hoped that political action is
accelerated with the support of the public. According to professionals, fuel cell CHP can
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save up to 50% of harmful emissions especially within a hybrid system, where fuel cell
CHP are most meaningful and suitable for long-term energy production. In the current
condition of increasingly strict environmental legislation, such as the Climate Change
Act, there is a high potential for using fuel cell CHP in the residential sector to provide
low carbon energy.
The description of attributes of fuel cell CHP shows a high innovativeness level among
the sample participants. Participants valued the novelty of the system, independence from
the energy grid, the use of renewables, as well as the use of biomass and hydrogen as
alternative fuels. The role of this group is considered important in the adoption decisionmaking process. Their role is discussed in the next section. In communicating fuel cell
CHP, interpersonal relationships seem to be more effective to focus on, especially for
later adopters, confirming Rogers’ theory. Table 38 describes the attributes of fuel cell
CHP concerning the adoption decision as informed by the sample participants.
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Table 38 A Description of Fuel Cell CHP with the Attributes Related to Adoption
Decision

Attributes

% of
Agreement by
End Users

Energy System Features
Efficiency:
A solution for current energy
and climate change problems

88%

Explanation

Increased adoption
opportunity with the high
effeciency of fuel cell CHP, to
be presented to individuals

Efficient technology

66%

Preference on reduced
running costs
Higher capital cost but
reduced running costs by
two-thirds
It saves money
It does not harm the
environment
It protects the environment
Reduced carbon emissions
by one-tenth
It makes me more
comfortable

85%

63%

Adds extra value to fuel cell
CHP

Warranty:

It comes with an extended
warranty

62%

Adds extra value to fuel cell
CHP

Energy type:

Renewable

60%

Brand name:

Respected brand name

47%

Generation
It is independent of the
independence: electrical power grid

47%

Fuel type:

Biomass

44%

Hydrogen

41%

Using green hydrogen can add
more value to the use of fuel
cell CHP, promoting adoption
more
Renown is not built and
limited suppliers in the UK, but
this situation most likely does
not hinder adoption
Implication of innovativeness
of participants in using a new
mode of energy generation
The potential for hydrogen use
is acceptable, promising for
future models of fuel cell CHP

Novelty:

Novel

43%

Appearance:

Attractive

19%

Cost:

Environmental
Benefits:

Comfort:

Others
Communication Personal recommendation
System:
from family and close friends
Knowing of many
people who have the same
system
Mass media

81%

67%
66%
68%
68%

68%

An equivalent of the preexisting feed-in-tariff for
micro-CHP technologies can
work well
And Capital cost should not
exceed £1,000 over a boiler
Increased adoption
opportunity with the high
awareness level

Implication of innovativeness
of participants
Not an important aspect, it is
just a box
Interpersonal relationships are
very effective

44%

28%
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Key Challenges
Two things have prevented major adoption of fuel cell CHP on a residential scale until
now: the high capital cost, and the awareness level of individuals. The capital cost of fuel
cell CHP is high and there is a need to provide financial support so that the price does not
exceed £1,000 over the price of a conventional boiler. The majority of the sample is
unlikely to adopt fuel cell CHP if it is too expensive for them. Meanwhile, fuel cell CHP
energy system is expected to save money in total to generate full demand for electricity
and heat.
The awareness about fuel cell CHP was found to be very low among the participants.
Back in history, the legacy of fuel cells started in the 18th Century. However, up to the
present, fuel cells are not well known. Educating the public can enable a significant
advancement of many aspects of the uptake of this new technology. Demonstration
projects and stimulating interpersonal communication channels are key aspects in the
awareness about fuel cell CHP. The majority of the sample is very resistant to adopting a
new unreliable energy system. In this regard, demonstration projects can show system
credentials which are very important in the “persuasion stage” of the decision-making
process. In addition, it has been shown in this research that the smooth and relative flow
of information has allowed the sample participants to make decisions on adopting fuel
cell CHP.
Another challenge in adopting fuel cell CHP is the size of the system. In the current
market of residential-scale applications, fuel cell CHP do not work on their own. They
are combined with a boiler and a water tank, requiring more space. The maximum
acceptable overall size of the energy system is no bigger than a washing machine.
However, the need for a water tank is common for all renewables. Thermal stores are
common in domestic renewables heating technologies to store excess heat generated until
it is needed (EST, n.d.-b). Thermal stores reduce the need to burn fossil fuels to heat water
or space, increasing the overall efficiency. Another advantage of thermal stores is that
multiple heat sources can be integrated to provide hot water for use or heating. This aligns
with the opinion of Staffell et al. (2010a), in both cases of conventional and renewable
heating technologies, water tank space poses a problem for the installation of such
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systems in smaller houses. Therefore, there is a need to develop a fuel cell CHP system
that works simultaneously to generate electricity and heat at a smaller size. Unless the
fuel cell CHP system is installed outside, for a small and medium residential area, it is
unlikely that two units fit.
Significant market penetration of fuel cell CHP has not yet been achieved. The market is
still in its pre-commercial stage of development. There is only one product (BlueGen)
certified for the Microgeneration (MCS) certification system that provides users with
government support (FiT incentives). In addition, the number of qualified installers across
the UK is few. According to the end-user sample perceptions about their new energy
system, if the current state of the fuel cell CHP market continues to be the case, it slows
the expansion of fuel cell CHP in the UK. Therefore, some suggestions are made in the
next section about the further development of fuel cell CHP systems.
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Table 39 A Description of Fuel Cell CHP with the Attributes Related to Rejection
Decision

Attributes

% of
Agreement by
End Users

Energy System Features
Cost:
Too expensive

83%

Performance:

Uncertainty and reliability

82%

Safety:

Safe

79%

Infrastructure:

Infrastructure and fuel

77%

Size:

No bigger than a washing
machine
Ugly and large sized units

45%

Noise

Explanation

The price should not exceed
the amount suggested, £1,000
over the price of a boiler
Demonstration projects have
an important role in showing
credentials
Hydrogen is not considered a
threat, rejecting previous
reputation about hydrogen by
the sample
The potential shift to
hydrogen use is to be done
gradually, not impacting fuel
supply
This feature is to be
considered in new models

49%
71%
Not related, as fuel cell CHP is
based on a chemical reaction

Others
Logistics:

Difficulty in finding good
installers
Restricted availability
from suppliers
Communication Lack of accessible
information

7.7

68%
62%
76%

A challenge, as suppliers and
installers are few across the
UK
Information on trusted
platform is to be provided

Opportunities and Development for the Diffusion of Fuel Cell CHP

Opportunities for fuel cell CHP stem from the impact they have made so far. When
individuals were asked if the adoption of fuel cell CHP brought improvement to the
organisations, they cited various gains. Fuel cell CHP created a continuous investment
using the FiT. Reductions of carbon emissions was a catalytic incentive for fuel cell CHP
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adoption decision. Moreover, jobs have been created for at least one individual or team
(2 to 5) to monitor and guide project development for one or more projects. Individuals
who participated in the projects developed knowledge about fuel cell CHP. Research and
development have been developed as a result of these activities with some cooperation
between the industry and academia. In this research, it was also thought that fuel cell CHP
raised the profile of institutions that adopted the technology. Moreover, in line with
Beckers, van Doorn and Verhoef (2018) who think that satisfied customers are loyal, they
usually return and buy more, the application of fuel cell CHP has allowed for continued
adoption as happened in one of the case studies by adopting 20 more units for future
projects. New energy systems are always shaped by their social contexts, but they also
shape social conditions in turn.
Adopting fuel cell CHP as innovation is found to be too slow and patchy in the residential
sector in the UK. Previous efforts were not enough to support the diffusion of residential
fuel cell CHP energy systems. This study shows that there is scope for motivating
individuals to accept fuel cell CHP technology by communicating both individual and
public benefits. The outcome of this study makes some suggestions that can probably
speed up the diffusion of fuel cell CHP. First, by providing an understanding of why some
individuals are more willing to adopt fuel cell CHP than others, which is useful in
convincing potential adopters. Second, by providing knowledge about who are more
willing to adopt fuel cell CHP in the early stage, which is useful in focusing efforts by
manufacturers and suppliers. Third, by providing recommendations for the development
of fuel cell CHP, including communication channels within the social system,
development of technology models and policy instruments.
A- Why Some Individuals Are More Willing to Adopt Fuel Cell CHP than Others?
Several factors explain the slow rate of adoption of fuel cell CHP. The main focus of this
research is on the lack of knowledge about fuel cell CHP among individuals. Rogers
argues that the more people know about the technology, the more likely to adopt it
(Rogers, 1983). In this research, it is shown that knowledge about the existence of fuel
cell CHP and the knowledge about their benefits lead to a decision about the adoption or
rejection by the survey sample. However, results dropped down to a 20% less adoption
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decision when the name of the technology is stated “fuel cells technology”, although
knowledge and experience about fuel cell CHP were almost negligible. This makes it very
important to raise awareness about the technology of fuel cell CHP among individuals to
alleviate the uncertainty about their use. On the other hand, considering that fuel cell CHP
were adopted in the investigated case studies as pilot projects, the “triability” factor has
lead end-users to reach the “confirmation stage” of the innovation adoption process to
continue towards full adoption and allowed for continuous adoption by considering more
fuel cell CHP units for future projects. Therefore, this research provided several
recommendations about the development of fuel cell CHP applications through the
increased availability of demonstration projects and adopting other measures, as
explained below in Item C.
Fuel cell CHP were looked at as a new system that brings a range of benefits. The results
demonstrate that economic relative advantage, environmental observability and
individuals’ novelty-seeking are all important drivers in the adoption of fuel cell CHP.
The perceived attributes of fuel cell CHP were almost similar between the adopters and
non-adopters (potential adopters). Besides, the study revealed that fuel cell CHP were
viewed as advantageous when compared to conventional energy generation models. In
particular, differences were seen about the reduction of energy bills and reductions on
carbon emissions.
On the other hand, as identified by participants, high cost, the uncertainty of performance,
lack of safety, lack of availability of fuel, lack of accessible information and difficulty in
finding good installers are all likely to influence a serious impediment in the adoption of
fuel cell CHP. While other challenges exist concerning the overall size of the system.
Therefore, considering drivers and challenges in spreading the message about fuel cell
CHP and designing new models of technology is an important step. Based on these
benefits and challenges, some recommendations are mentioned later in Item C.
B- Who Are More Willing to Adopt Fuel Cell CHP as “Early Adopters”?
As mentioned in Section 7.4, case studies showed that current adopters fit into
“Innovators” group with their high interest in the technology as well as the availability of
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financial resources, dealing with the uncertainty about fuel cell CHP. The innovators
played an important role in the diffusion process by launching fuel cell CHP, as a new
idea in the social system. In the same time, having had the chance to try fuel cell CHP
allowed for continued adoption through adopting more units in some of the projects.
According to Rogers (1983), innovators include the first 2.5% of adopters. The focus in
the next phase of the adoption process is on the “Early adopters”.
According to Rogers’ theory (1983), early adopters constitute 13.5% of adopters, as
explained in Section 4.8.2.i. Members of this group are localised. They have a great
degree of opinion leadership in the social system. They are trusted individuals whom
potential adopters look to for advice and information “the individuals to check with before
using the technology”. Furthermore, the participants of this study are found to have high
innovativeness degree in both current and potential adopters’ groups. Given the high
education level of the sample and younger groups included, it is arguable that this sample
represents the general public. Although, to most participants, fuel cell CHP is new and
unknown, however, this sample is seen in this research as a group that can help in
diffusing fuel cell CHP.
According to Rogers (1983), education is believed to create “cosmopolite” as well as
“localite” communication channels. The cosmopolite channels help in influencing
academics’ decision and the localite channels are important for later adopters who seem
to be less change oriented. Hence, it is suggested in this research that targeting this special
segment with the aforementioned traits could positively impact the diffusion of fuel cell
CHP. This confirms the research by Mills and Schleich (2012) that education levels
matter, with higher levels associated with the adoption of energy efficient technologies.
From the above, it can be suggested that targeting individuals from educational
programmes and research area may be helpful in the diffusion of fuel cell CHP. The
innovativeness of individuals adds additional value for targeting academics besides their
interest in technology research, their involvement with societal programs and connections
with opinion leaders. Moreover, generally speaking, academics are considered as trusted
individuals by potential adopters, a special trait of early adopters according to Rogers. In
academic research, academics conduct field tests, increasing their knowledge about fuel
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cell CHP. At the same time, universities can secure funds for their graduate students, for
example. Some collaboration efforts are being made between industry and British
academic institutions nowadays. For example, the work being done by the group of
researchers at Imperial College London (H2FC SUPERGEN) and the University of St
Andrews.
C- Providing Recommendations for the Development of Fuel Cell CHP
C.1. Recommendations on fostering communication channels within the social system and
advertisement
This research looked at the social system structure and communication that occurs within
it as included in Rogers’ model. The structure is examined in this research in the survey
in terms of individuals’ characteristics (age, education level, etc.), which helped in the
understanding of the target group as early adopters. Also, in the case studies, exploring
the motivation for the adoption unfolded several aspects related to the individuals’
characteristics as well as communication structure. For example, personal background
knowledge about electrical engineering and energy systems influenced the adoption of
fuel cell CHP in all case studies.
While the communication that occurs within the social system is examined in this research
by determining the effect of personal networks of friends and neighbours and the
influence of effect media as is the case in the public survey. It is found that personal
connections are the most effective. The recommendation about fuel cell CHP in case
study 4 by an expert from the personal network of the project manager was a motivation
for adoption. Also, social norms are sometimes barriers to the change happening in the
adoption of innovations. A clear example of the social norms appeared in case study 1
when the maintenance representative was refusing to deal with the system.
The examination of the structure and communication helped in identifying whom to be
targeted as early adopters. As mentioned above, academics are identified as active players
who can significantly influence adoption by potential later adopters in reducing the
uncertainty surrounding adoption. This cooperation has mutual benefits through which
interest in the domain and knowledge among academics can positively impact the
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diffusion of fuel cell CHP. This group of players is believed to stimulate communication
channels about fuel cell CHP in different ways. Academics can be helpful when working
with opinion leaders to design future energy outlooks and incentive schemes, influencing
huge support to the diffusion of fuel cell CHP. In addition, as the sample respondents
emphasised, a large portion will recommend the new energy system for family and
friends, a strong factor that influences adoption decision by potential end-users. Although
advertisements in the mass media are helpful to create knowledge and inﬂuence earlier
adopters, it is suggested that interpersonal relationships are more effective for later
adopters. This is particularly useful in the persuasion process of households.
Besides, the increased availability of residential demonstration projects through
educational programmes can be effective in communicating information about fuel cell
CHP and raise awareness by a trustworthy body. Meanwhile, the development of fuel cell
CHP technology continues to emerge. Demonstration projects on campus can increase
awareness about fuel cell CHP among students and academics. And, demonstration
projects in actual residential sites can increase awareness in the neighbourhood area as
well as some groups of interested students through site visits.
Demonstration projects are an important tool to raise awareness of fuel cell CHP because
it supports the “triability” of the technology which is found to be a significant factor in
this research. There were some opportunities to display fuel cells. For example, the
Hydrogen Office Project in Methil-Fife demonstrated the use of fuel cell CHP within a
hybrid system. The public has open access to the project to learn about the system in
addition to several awareness programs are organised for schools, neighbourhood
members, etc. These actions have helped raise awareness about the system as well as
reduce possible tensions with neighbourhood members due to the presence of a huge wind
turbine.
Another effective mechanism for raising awareness is believed to be the availability of
sufficient information on trusted platforms (e.g. government bodies). For example, the
current description of fuel cell CHP on the Energy Saving Trust (EST) webpage is as
follows: “Fuel cells work by taking energy from fuel at a chemical level rather than
burning it. Although the technology is still not widely available to consumers, there are
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some units that are commercially available in the UK. We recommend to check the MCS
product list for certified products.” (EST, 2020). It is recommended that additional details
about the size and components of the entire fuel cell CHP energy system be added.
Also, there is a need to explain how users benefit from incentive schemes (such as FiT in
the past). For example, estimating reductions in energy bills and environmental impacts.
Compiling technical information about fuel cells and their practices can also be useful for
interested people. For example, the US Government website provides all related news on
the fuel cell technology development as well as the progress and spending of the Fuel
Cell Technologies Office (FCTO, n.d). Providing information on the various available
energy systems can raise awareness among the public about the potential benefits of each
system and open their eyes to other possibilities that can break the commitment to only
one technology.
Considering the above-mentioned factors about the benefits of using fuel cell CHP
(mentioned in Item A) is believed to make a difference in the presentation of the
technology to potential end-users, especially in the “persuasion stage” of the decisionmaking process. Consistent with Professor Theodore Levitt who said: “People don't want
to buy a quarter-inch drill. They want a quarter-inch hole!” (Christensen, Cook and Hall,
2006). Therefore, before explaining the benefits, there is a need to understand the needs
of the end-users to design the products that perform the job. The results of this research
help provide an understanding of these needs.
The increase of knowledge among individuals in the social system and peer influence are
believed to influence better adoption rates. According to Rogers, when passing a
threshold of 20 to 30 percent in the rate of adoption, the technology will take off. For
increasing the number of adoptions, reaching out to other groups of the society such as
housing associations can also be done. An individual, optional innovation-decision is
expected in Roger’s theory to be adopted more rapidly than the adoption of the innovation
by an organization. Therefore, the adoption by housing associations is expected to be
slower, but if successful, it leads to multiple adoptions. Therefore, it is suggested that
special mechanisms to target this special group be investigated in future studies.
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C.2. Recommendations on the development of fuel cell CHP models
In developing new fuel cell CHP models, it is recommended to reduce the overall size to
the maximum extent possible, and respondents' preference in this research is the overall
size of the system not bigger than the washing machine. Although, the current size of the
system is not thought to impede adoption, however, it is unlikely that it will fit in smaller
houses and apartments. Also, working on the development of technology to minimise the
costs of manufacture and improve efficiency continues to be important.
Fuel cell CHP can be utilised in a decentralised-distributed generation. In this case, the
loss of energy is minimised and end-users can control energy generation. The greater the
volume of use, the greater the advantage. Therefore, fuel cell CHP can be implemented
on a shared basis, for example, in housing associations buildings. Besides, in community
projects, renewable energy sources can be integrated into a hybrid system to produce
hydrogen, increasing the overall efficiency and minimising the environmental impact. In
this case, the overall environmental impact can be minimal. The investigation of the
application of fuel cell CHP in housing associations and community projects is suggested
for further studies by proposing suitable models in these cases. Furthermore, there was a
view among some professionals in the interviews that fuel cell CHP are ready, by
adopting lessons learned from Japan's experience. The models used in Japan can be
imported and altered according to local energy generation codes.
C.3. Recommendations on the development of policy instruments
As noted before, numerous studies on fuel cell CHP emphasise the key role of incentives
play on encouraging the uptake of these technologies (Dodds, 2014; Hoppe et al., 2015;
McKenna, Pless and Darby, 2018; Staffell et al., 2019b). Rogers (1983) also recognises
that incentives can play an important role in adoption because they can increase the
relative advantage of innovations. Incentives are related to government efforts to design
policies that support innovations on national or international levels, as in Japan on the
fuel cell CHP residential scale. Such policies are used as tools to achieve reduced carbon
emissions. Specific examples include subsidies for fuel cell CHP, a long-term Feed-inTariff. As noted in Chapter 5, government support through the pre-existed FiT scheme
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was one of the key drivers encouraging the adoption of fuel cell CHP to produce energy
by both the potential and current end-users.
On the other hand, many of the participants noted that these efforts, while important, were
not enough and that the government needed to do more to encourage the adoption of fuel
cell CHP technology. Professionals from industry leaders claimed that programs and
policies to assist fuel cell CHP were often complex. Also, it is emphasised that only
potential opportunity for fuel cell CHP in the UK is when they would be financially
viable, would be through a program done on a large scale. This finding is echoed in
Battelle’s (2017) study which showed in Section 3.4.2 that for government incentives
opportunity to make sense for fuel cell CHP, at least 10,000 units would need to be
implemented.
Regarding the FiT scheme existed at the time of this research, it was found to be effective
and satisfactory to end-users in this research in addition to the internal funds received
from government bodies to cover capital costs. Therefore, an equivalent scheme to FiT to
support running costs is required, as the FiT scheme discontinued. In addition, it is
necessary to support the capital costs to reduce the price of fuel cell CHP system to a
maximum of £1,000 over the more standard technology (gas boiler). Moreover, policies
need to be designed carefully about power capacity. With fuel cell CHP, there is no one
size fits all. However, the most common sizes used at a residential scale are 1 and 5 kW.
And, it is important to look at whether fuel cell CHP to provide baseload using the 1 kW
unit (similar to Japan’s widespread model), or the 5 kW size to cover energy requirements
in an off-grid situation.
Therefore, an increase in the implementation of alternative energy subsidies is
recommended with the suggestions made above. These actions would reduce the overall
cost of fuel cell CHP, which can be justified by the ability of fuel cell CHP application to
reduce carbon emissions, reduce consumption and energy bills, quiet operation, and
promote alternative energy technology advancement. Another recommendation is to
increase the support for R&D in fuel cell CHP technology, reducing the overall cost of
fuel cell CHP applications.
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The role of the government is essential in developing fuel cell CHP from its inception to
full commercial status. According to professionals, the political environment appears to
be creating a business-friendly environment. Thus, encouraging a risk-based policy
environment encourages private investors to invest more and make a significant
contribution to national economic growth, while the emergence of fuel cell CHP. At the
same time, the cost of fuel cell CHP should be incentivised and it appears that the
equivalent of the pre-existing feed-in-tariff is satisfactory among the sample participants
with a payback period of around 7 years and a capital cost of no more than £1,000 over
other more standard energy systems.
Legislation must be appropriate and understandable by people. Complexity makes people
stay away from any possibility of change. However, government's role is not limited to
financial incentives. It is suggested that the government adopt fuel cell CHP technology
in their offices so that the public can be persuaded to adopt it. The existence of such
support means that the technology has been tested and proven, a concept that is applied
in one of the case studies in this research.
New energy systems as a whole have the potential to increase efficiency and reduce
harmful emissions, but they are more complex as a principle of operation. They are often
larger in size than current home energy systems. This ultimately leaves the option for endusers to adopt what they see fit for them. Proposing fuel cell CHP seems to be a good
idea. But, when targeting specific markets, it is not necessary to identify the best
technology. However, when presenting a particular solution, it is necessary to
demonstrate the advantages and value of this solution. It is vital to keep technology
options open to be prepared for the future. This research revealed that people are
accepting change to a different direction of energy supply, which is a key step.
7.8

Summary

This chapter provides a general discussion of the results of this research. The results were
collected and compared with references to previous research. As a result, a
comprehensive evaluation of the current state of fuel cell CHP is presented. In line with
the cited end-users’ needs, recommendations on the presentation of fuel cell CHP along
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with other mechanisms such as government support and raising awareness among
individuals are believed to foster the diffusion of fuel cell CHP. Also, this chapter
suggests targeting academics as a special group of individuals who can drive the next
phase of the adoption process as early adopters.
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Chapter 8. Conclusions and Implications
8.1

Main Findings of the Research

Energy is important to human societies. The use of energy has increased since the
Industrial Revolution. Following that, citing reasons, including climate change, poverty
alleviation and energy security required to re-examine how energy is produced and used.
Yet, the debate on the most effective way to do it continues with promoting low-carbon
technologies, energy efficiency measures, use of renewable energy, etc. The residential
sector in the UK represents 15% of GHG emissions and the majority of households across
the UK are below the lowest Fuel Poverty Energy Efficiency Rating (FPEER) national
target of band C or above (BEIS, 2018). Fuel cell CHP has been adopted on a considerable
scale in response to Global Warming in other countries and, especially in Japan, the
market is almost established. Therefore, this research aimed to identify the current state
and future opportunities for fuel cell CHP energy systems in residential buildings in the
UK. At the abstract level, there is a broad recognition that technology adoption requires
considerations of the human dimensions in any transition. Previous evaluative studies of
fuel cell CHP focused mainly on technical and economic aspects and, to date, very little
on social indicators such as the acceptance of end-users, while this is fundamental to this
research.
This research adds to the debates about energy production and technology change through
achieving the research aim by describing, in view of the diffusion of innovations theory
by Rogers, the adoption process of fuel cell CHP in the residential sector in the UK. The
research aim and its objectives were investigated using a mixture of methods (public
survey with potential adopters, interviews with professionals in the field of energy, fuel
cell CHP and hydrogen, and case studies targeting current end-users). The output of these
data collections has been analysed and presented in this thesis. The outcomes collectively
contribute to an insight into the most important factors that explain the impedance and
use of fuel cell CHP and what could positively impact the diffusion of fuel cell CHP in
the UK residential sector.
This research contributes to the empirical test and confirmation of Rogers’ model as a
useful tool. The model is able to explain fuel cell CHP adoption in these settings because
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it captures classical explanations for technology adoption, while also accounting for
related social aspects. Besides, it considers the overall system and focuses on the
technology and actors, capturing multiple facets at multiple levels, influencing the
adoption of fuel cell CHP. However, in addition to its strengths, this approach has
limitations. Rogers’ evaluation model includes several attributes of the technology.
However, it is argued that a detailed technology composition and operation knowledge
can be that useful in the decision-making stage. Rogers’ model also does not distinguish
between information given and knowledge gain. This means that the understanding of
benefits is important. A discussion about the relation between knowledge gain and
education level is discussed. Besides, the definition of change agents does not provide
enough attention to the dynamics occurring between change agents from different
stakeholder groups, including the fact that history and context are not taken into account
enough, leading to some variations between what is happening in the real world as
opposed to what is assumed from the model. Moreover, the findings imply that moral
norms are a useful addition to the systemic theoretical models.
This research confirmed the importance of the technology having a relative advantage to
its supersedes. Respondents in this research highly valued environmental benefits with
more emphasis on energy efficiency and reductions on energy bills. However, individual
benefits are not the only driver of technology acceptance. Societal and environmental
considerations are also important factors for accepting technologies that benefit the
environment and society in general. On the other side, high cost, the uncertainty of
performance, lack of safety, lack of availability of fuel, lack of accessible information
and difficulty in finding good installers are all likely to influence a serious impediment
the adoption of fuel cell CHP. While other challenges exist concerning the overall size of
the system.
Fuel cell CHP is in the early adoption stage. Certain acts are believed to be helpful for the
diffusion to take off, passing the diffusion bottleneck. By acquiring potential end-users’
opinions and lessons learned from previous projects on the adoption of fuel cell CHP
technology, conclusions are made in this thesis in providing recommendations on the
development of future fuel cell CHP projects and how to foster market penetration.
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•

Understanding and Fostering Communications within the Social System Play a
Positive Role in the Adoption of Fuel Cell CHP

The aspects of energy are directly related to people's standard of living. Therefore, as
participants indicated, they are willing to take action to support and improve the state of
energy and climate change problems. Participants emphasised the utilisation of energy
efficiency in buildings, which can be improved in several ways. For example, change
personal behaviour in energy use, use of natural materials and reduce the use of inefficient
appliances. On the other hand, changing the power system may be one of the most
important improvements proposed as part of a retrofit, particularly in the case of an old
system with poor efficiency.
Participants acknowledge the need for taking action. However, they lack knowledge
about the fuel cell CHP system, slowing down the adoption process. It is proposed to
target communities with the availability of nearby demonstration projects that have open
access to neighbourhood visitors, students and other interested groups. Besides, it is of
high importance to provide an information platform about fuel cell CHP. However,
information alone is often not enough to change individuals’ behaviour. While the
understanding of the benefits prepares the grounds for the acceptance of the technology.
Therefore, to minimise uncertainty, information about the advantages and disadvantages
as well as the consequences of fuel cell CHP is required. Conveying the message about
fuel cell CHP in simple terms, avoiding technical information are important actions to
minimise the gap in the communication channel between technical experts of change
agents and individuals from the public.
Moreover, there is a need to provide an easy to understand incentives mechanism,
explaining how exactly users benefit from the scheme. Also, this research makes some
assertions on the importance of knowledge acquisition in the persuasion stage of the
decision-making process which made it possible to make a decision even with the absence
of the application of several other aspects from the model (especially, past knowledge
about fuel cell CHP, past experiences with fuel cell CHP, testability and observability).
In other words, the way fuel cell CHP is presented is likely to act as a key driver for the
adoption of fuel cell CHP. Besides, the message about fuel cell CHP benefits that
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strengthen individuals’ moral obligation is possible to motivate individuals to make
positive acceptance decisions. Therefore, explaining the benefits of fuel cell CHP is
believed to be the main action in the persuasion stage of the decision-making process.
This means that not only individual benefits are communicated, but also societal and
environmental benefits of fuel cell CHP in communicating with potential adopters are
emphasised.
Furthermore, the findings of this research demonstrate that there is no one-size-fits-all
solution. Individuals differ in having different traits. Therefore, to obtain success in
promoting fuel cell CHP, individuals should be approached differently according to their
readiness level. The current adopters have been found to have special traits, by which
they are interested in adopting new technologies and willing to take risks, fitting into
“innovators” segment of adopters. In the next phase, this research suggests focusing on
academics as early adopters, driving the diffusion process a step further. It was found that
individual’s novelty seeking is an important driver for the adoption which is associated
with education. In addition, education is believed to create cosmopolite as well as local
communication channels among academics and later adopters because, generally
speaking, academics are trusted individuals by potential adopters. Their role is also
important when working with opinion leaders, designing future energy outlooks and
incentive schemes. Therefore, reaching out within educational programs and research is
identified as an important action to take while communicating fuel cell CHP technologies.
This approach has mutual benefits in pursuing educational purposes with research and
development by academics and students as well as increasing awareness and potential for
fuel cell CHP adoption.
Fuel cell CHP energy systems are not small devices that can be tried and observed and
cannot be distributed as free samples, for example. Therefore, to fulfil these needs,
demonstration projects have to be available to refer to while presenting real case studies.
For change agents to speed up the adoption process, there is a need to sponsor such
projects. Demonstration projects are effective in communicating knowledge about fuel
cell CHP, development of technology in operational settings and raising awareness
among institution’s members, close family and friends and possibly close neighbourhood.
Besides, re-invention measures of actively communicating with premium end-users
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create better communication within the social system, develop the technology and its
process, and therefore, higher adoption rates.
Several actors play a role in raising awareness about the technology. The government can
have a role by adopting fuel cell CHP in their offices and endorsing the technology. For
the fuel cell CHP industry to thrive and succeed, there is a strong need to fund fuel cell
CHP demonstration and deployment projects by developers and businesses. Also, this
research confirmed that the major take over by larger companies to implement fuel cell
CHP is an essential step to facilitate the integration of such systems. Moreover, fuel cell
CHP need better integration from energy companies. Local communities can provide
substantial support to develop their power generation mechanisms and capabilities while
adopting new energy systems. Also, by communicating with their network of individuals.
•

The Development of Fuel Cell CHP Plays a Positive Role in the Adoption of Fuel
Cell CHP

Scientists have the main role in the development of new models that attract better
adoption by individuals. The continuous development of new models with lower costs
and the smaller size is required for increasing the adoption rates. The current model of
fuel cell CHP system that is locally available requires a water tank and an auxiliary
heating system besides a fuel cell unit, making the whole system considerably large. A
size of no bigger than a washing machine is suggested in this research. Maximising the
efficiency and environmental impact of fuel cell CHP systems fosters their adoption.
Hybridisation can be used too. Besides, the development of models that simulate
decentralised generation, community generation projects and housing association
applications play a role in the presentation of the feasibility of fuel cell CHP for interested
parties.
•

Policy Instruments Can Encourage Fuel Cell CHP Adoption in the Residential Sector

Incentives play an important role in adoption because they can increase the relative
advantage of fuel cell CHP. Incentives are related to government efforts to design policies
that support innovations locally. Incentive mechanisms need to be clear and easy to
understand by the public. Besides, a preference on subsidising running costs was
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emphasised over capital costs of the technology as long as the capital costs do not exceed
£1,000 over the cost of more standard energy systems (e.g. boilers). Therefore, until the
technology takes off, building economies of scale, providing support on capital costs and
a long-term scheme similar to the pre-existed Feed-in-Tariff is required. A payback period
of around 7 years was satisfactory. The government also has a role in encouraging private
investors to invest more in the development of technology by providing funds and
designing low-risk policies.
In summary, the most important contribution of this PhD thesis is the increased
knowledge about end-users’ acceptance and behaviour concerning the diffusion of
sustainable energy technologies and especially fuel cell CHP application in the residential
sector in the UK. The presentation and discussion of the empirical evidence of the mixedmethods approach showed that the emergence of fuel cell CHP did not depend solely on
the technical evolution on energy systems, it also required the acceptance of individuals
as valuable enough when drivers factors outweighed challenges factors among current
end-users, leading to continued adoption in some cases. Also, the findings show that fuel
cell CHP technology is more likely to be accepted if potential adopters perceive it to be
environmentally friendly while affordable and useful both in terms of private and public
outcomes, leading to a positive attitude as well as supportive personal norms. To some
extent, these perceptions depend on the physical characteristics of the technology (i.e.,
efficiency, performance and safety). But, since most of the desired effects of this
technology are not experienced directly by the individual, or is only experienced with a
substantial delay, informing and educating potential adopters about these effects becomes
crucial. Also, using demonstration projects that can add to the testability and observability
of the system is significant. Besides, this research provides recommendations about
whom to target as early adopters.
8.2

Limitations of the Research and Research Implications

This research looks at the acceptability of fuel cell CHP and adoption by focusing on the
perceptions of current and potential end-users. Developments in fuel cell technology itself
are outside the scope of this research. In this research, assigning case studies was
problematic. Alternatively, small-scale commercial case studies were investigated. It
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would have been more helpful if case studies of residential applications could be
approached. In addition, information about case studies was limited to the amount given
by key persons working on the specific projects in an organisation. Information was also
limited to the type and nature of the available projects and applications. Even so,
significant and useful information was obtained. Moreover, interviews can be timeconsuming to professionals. Thus, it was difficult to recruit them, even after several
reminders, and the interviews are comparatively few.
There were some difficulties regarding the sample size of the survey. The survey is
designed to be web-based. Confidentiality preference of participants was applied to assure
anonymity and thus higher responses. Only a web link (URL) was provided in the survey
administration phase. Using a purposive sampling through snowballing, which is a
nonprobability sample, made it difficult to determine the sampling error. The sample does
not accurately represent the population. In addition, the analysis of the composition of the
sample versus the wider population revealed that the sample represents relatively young
and highly educated participants. In other words, the generalisation of the results to the
population is less confident. Thus, the results are discussed concerning the sample and
not to the population or the public. However, the contribution of this group of the sample
towards the diffusion of fuel cell CHP is discussed, as early adopters of technology.
Besides, in comparing the relative economics of fuel cell CHP, gas boilers are considered
as a metaphorical alternative. The currently proposed system combines two units: fuel
cell CHP and a gas boiler to cover the demand for electricity and heat.
If fuel cell CHP are to create a positive change in its application, then that change must
be examined and demonstrated. It must be evaluated as a return on investment. Detailed
financial information could not be obtained in this research. A certain level of
confidentiality was agreed on with participants before conducting data collection.
Estimates on capital cost, energy bills and the amount of financial support by the
government are necessary to be made available to end-users through trusted platforms.
Besides, the Feed-in-Tariff (FiT) scheme closed from 1 April 2019. Limited exceptions
are made to installations in a grace period whose validity period ends after that date
(ofgem, 2018b). A new proposal for supporting clean and affordable energy systems to
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replace the FiT is being discussed which has not been published in a final form. Therefore,
in this research, the previous FiT terms were considered in the discussion of the
evaluation, impact and adoption models of fuel cell CHP because the new legislation is
not yet clear.
The focus of this research is on different stakeholder groups, mainly on existing and
potential end-users. Expert opinions (including designers, consultants and investors) are
also included. Thus, a certain level of objectivity has been achieved here by bringing
together different views to generalise the results. However, the opinion of other
stakeholders remains important in the general context to achieve greater accuracy of the
research results. Therefore, it is considered useful to include the opinion of energy
companies and politicians in particular which are missing in this research.
Fuel cell CHP technology as can be classified as an innovation because their existence is
limited in the local market with few installations are in place. Hence, when interpreting
the findings of this research, one must keep in mind that when an innovation is new, it
can be difficult for end-users to judge its usefulness. This adds an unknown amount of
uncertainty and randomness to information and judgments provided by participants of the
study. Possibly the researcher may affect respondents’ judgments more in a survey
undertaken in an early stage of an innovation’s initial exploratory stage due to lack of
personal experiences with the innovation. However, the use of pre-tested criteria,
including the most influential factors in the literature, possibly reduces the variation in
researcher influence across participants.
The study has limitations that must be addressed and explored in future research. The
survey outcome provided a categorisation of respondents’ level of knowledge about fuel
cell CHP. But, it does not capture information about the knowledge acquisition process.
Further questions can be asked about how the knowledge was gained about the familiarity
with fuel cell technology before or after the decision is made. Furthermore, to capture the
attitudes of individuals in the persuasion stage, it is suggested that semi-structured or indepth interviews could be used. Interviews can allow for an exchange of information
which is generated at this stage as a result of the desire of individuals to increase their
knowledge about the technology as in the persuasion stage. The outcome of interviews
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with potential adopters can cover the decision-making process until deciding on fuel cell
CHP just before the actual implementation. Questions about the compatibility of fuel cell
CHP could be included in the survey, especially the fact that fuel cell CHP system is
monitored remotely and runs continuously.
Besides, the participants of the case studies were interviewed after the adoption has taken
place. It would have been more useful to capture their attitudes towards fuel cell CHP
before the adoption has happened. In future studies, longitudinal studies can address this
issue and compare pre and post-adoption phases, which can add valuable insights. It
would also be useful to explore the creation and development of communication channels
among adopters and in-depth investigation of the factors affecting the creation of
communication channels among potential adopters. This can help in the understanding of
the dissemination of knowledge about fuel cell CHP. In this research, the influence of
media and social network only was investigated.
In the same time, this research opens other doors of research that are discussed following
this. It is highly valued that community-based approaches are addressed in fostering
innovation and adoption of fuel cell CHP. Besides, further study on the application of fuel
cell CHP in housing associations is suggested. In working on technology optimisation, it
is proposed to consider end-users’ needs presented in this research, especially size
preferences and purchase costs. Also, the integration of fuel cell CHP into sales channels
through power companies should be studied as with other traditional residential energy
systems. In general, future work should continue to address technical, economic, and
social barriers to widespread market growth.
Finally, this study focused on only one type of energy technology, the fuel cell CHP. This
makes it difﬁcult to generalise the results of this study to other products and renewable
energy technologies available in the market. In particular, some features of fuel cell CHP
have been tested in this research according to the only locally available model from
BlueGEN. This is not necessarily the case for other models of future fuel cell CHP.
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8.3

Theoretical Implications

This thesis has expanded the debates regarding technology change in the field of energy
generation. The research offers practical implications for policymakers and other
stakeholders that wish to increase the acceptance and uptake of fuel cell CHP energy
systems in the residential sector in the UK. Theoretical implications of this study result
from the empirical testing of Rogers’ Diffusion-of-Innovations theory on end-users’
willingness to become early adopters of fuel cell CHP technology. The study supports the
assumptions of this theory and adds some assumptions too.
This research emphasises on moral norms as a useful addition to the systemic theoretical
models. Besides, the dynamics that happen within the social system between the
stakeholders need to be considered to reflect upon, identifying useful actions to avoid or
modify in the promotion of fuel cell CHP. Also, the findings assert the distinction between
the offer of information and the information gain which is related to the characteristic of
individuals, among which is the level of innovativeness. History and context are also
considered as important to be included in the overall evaluation process of technology
diffusion. Finally, it was found that the decision-making process to adopt or reject a
certain technology possibly presents a non-linear way, diverting from the linear welldefined stages of the diffusion process proposed by Rogers. Factors of adoption would
not, therefore, present only in the persuasion stage, but probably before, based on the
prior conditions, or later on following the implementation stage.
8.4

Implications for Policy Making

This research offers practical implications for policymakers and other stakeholders
willing to increase the acceptance and adoption of fuel cell CHP. First of all, policymakers
and other interested stakeholders should inform the public about fuel cell CHP to increase
their awareness and therefore the acceptance of the technology. Incentives do not promote
fuel cell CHP alone, rather awareness about the technology and the presentation of direct
benefits to individuals are important measures. Besides, environmental and societal
benefits are important motivational factors. Secondly, the results suggest that if
policymakers and stakeholders make a careful analysis to identify which group of
individuals to approach first, it will positively affect the diffusion of the fuel cell CHP.
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Thirdly, if policymakers and other stakeholders combine information campaigns with the
use of demonstration projects is likely to motivate potential adopters to make a decision.
This is not suggesting to deliberately create a major event, but rather to use events that
are already happening.
Besides, both capital and running costs need the support of the government for providing
more opportunities for the diffusion of fuel cell CHP and until the market is established
by which prices get considerably lower, enabling the adoption without subsidies. An
equivalent of the pre-existed Feed-in-Tariff incentive scheme is required for the adoption
of fuel cell CHP with a payback period of just under 7 years. Capital costs of fuel cell
CHP are more than the acceptable margin of additional costs. End-users disclosed their
willingness-to-pay no more than £1,000 on the price of the gas boiler as a traditional
energy system.
8.5

Contribution of Research

The majority of approaches focusing on fuel cell CHP adoption focus on identifying
barriers and ways to address these barriers. Also, they generally focus on technical and
economic factors, which, while important, do not adequately explain why technologies
are being used or not. Another approach is proposed in this research through which active
and potential end-users are considered as active players in the adoption process. At the
same time, an emphasis is placed on the cooperation of all stakeholders. Therefore, this
research highlights the difficulties in spreading and implementing fuel cell CHP,
explaining the delayed adoption, besides, gaining knowledge about drivers for acceptance
and adoption of fuel cell CHP in the residential sector, based on the opinions of a sample
of both current and potential adopters of fuel cell CHP energy systems. The research also
identifies a target group of early adopters who can positively influence the adoption of
fuel cell CHP. Therefore, by looking at these factors, this research can reduce uncertainty
by adopting fuel cell CHP. The study looks at trends regarding the evaluation of fuel cell
CHP technology between 2009-2019.

261 | P a g e

Chapter 9. Appendices
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9.1

Appendix (A) –Fuel Cell CHP Literature Review

Table 40 A List of Fuel Cell CHP Academic Research Papers in the UK in the Years
2009-2019
Legend:

ID

1

2

3

4

5

6

7

8

9

10

T = Technical

S&P = Strategic Planning
and Policy

E&C = Economic and
Commercial

R = Review

E = Environmental

S = Social

Title/Reference/URL
Fuel cell micro-CHP techno-economics: Part 2–
Model application to consider the economic and
environmental impact of stack (Hawkes, Brett
and Brandon, 2009b)
Techno-economic and policy requirements for
the market-entry of the fuel cell microCHP system in the residential sector (Pellegrino,
Lanzini and Leone, 2015)
[BOOK] Small and micro combined heat and
power (CHP) systems: advanced design,
performance, materials and applications (Beith,
2011)
Options for residential building services design
using fuel cell based micro-CHP and the
potential for heat integration (Adam, Fraga and
Brett, 2015)
Fuel cell micro-CHP techno-economics: Part 1–
model concept and formulation (Hawkes, Brett
and Brandon, 2009a)
[HTML] H2FC SUPERGEN: An overview of the
Hydrogen and Fuel Cell research across the UK
(Stockford et al., 2015)
Investigation of a 5 kW micro-CHP PEM fuel
cell based system integrated with membrane
reactor under diverse EU natural gas quality (Di
Marcoberardino and Manzolini, 2017)
Techno-economic optimal design of solid
oxide fuel cell systems for micro-combined heat
and power applications in the US (Braun, 2010)
Modelling and optimisation in terms of CO2
emissions of a solid oxide fuel cell based microCHP system in a four bedroom house in London
(Adam, Fraga and Brett, 2013b)
Design of fuel‐cell micro‐cogeneration systems
through modeling and optimization (Ang et al.,
2012)

Year

T

S&
P

E&
C

2009

1

1

1

2015

1

2011

1

2015

1

2009

1

R

E

S

1

1

1

2015

1

2017

1

2010

1

2013

1

2012

1

1

1
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ID

11

12

13

14

15

16
17

18

19

20

21

22

23

24

25

Title/Reference/URL
[HTML] Design and preliminary operation of a
gasification plant for micro-CHP with internal
combustion engine and SOFC (Moriconi et al.,
2015)
Fuel cell technology for domestic built
environment applications: State of-the-art
review (Elmer et al., 2015)
Hybrid solar–fuel cell combined heat and power
systems for residential applications: Energy and
exergy analyses (Hosseini, Dincer and Rosen,
2013)
Optimisation of the capacity and the dispatch of
decentralised micro-CHP systems: A case study
for the UK (Merkel, McKenna and Fichtner,
2015)
Micro combined heat and power (MCHP)
technologies and applications (Maghanki et al.,
2013)
Motivations and barriers associated with
adopting microgeneration energy technologies
in the UK (Balcombe, Rigby and Azapagic, 2013)
Fuel cells for micro-combined heat and power
generation (Hawkes et al., 2009)
Micro-generation for 2050: Emissions
performances of micro-generation sources
during operation (Skarvelis-Kazakos, Cipcigan
and Jenkins, 2009b)
Modelling and selection of micro-CHP systems
for domestic energy supply: The dimension of
network-wide primary energy consumption
(Fubara, Cecelja and Yang, 2014)
A biomass-fired micro-scale CHP system with
organic Rankine cycle (ORC)–Thermodynamic
modelling studies (Liu, Shao and Li, 2011)
Energy production planning of a network of
micro combined heat and power generators
(Kopanos, Georgiadis and Pistikopoulos, 2013b)
Energy-saving effect of a residential polymer
electrolyte fuel cell cogeneration system
combined with a plug-in hybrid electric vehicle
(Wakui, Wada and Yokoyama, 2014)
Thermodynamic efficiency of low-carbon
domestic heating systems: heat pumps and
micro-cogeneration (Cooper, Hammond and
McManus, 2013a)
Numerical assessment of an automotive
derivative CHP fuel cell system (Facci et al.,
2017)
An overview of fuel cell technology:
Fundamentals and applications (Sharaf and
Orhan, 2014)

Year

T

2015

1

2015

1

2013

1

2015

1

S&
P

E&
C

2013

R

E

1

1

1

2013
2009

S

1
1

1

2009

1

1

2014

1

2011

1

2013

1

2014

1

2013

1

2017

1

1

1

2014
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ID

26

27

28
29

30

31

32

33

34

35

36

37

38

39

40

41

Title/Reference/URL
A model for the multi-objective optimisation of
a polymer electrolyte fuel cell micro-combined
heat and power system (Ang, Brett and Fraga,
2010)
Optimal design of CHP-based microgrids:
Multiobjective optimisation and life cycle
assessment (Zhang et al., 2015a)
The hesitant emergence of low carbon
technologies in the UK: the microCHP innovation system (Hudson, Winskel and
Allen, 2011)
[HTML] The future of the UK gas network
(Dodds and McDowall, 2013)
Planning of micro-combined heat and power
systems in the Portuguese scenario (Monteiro,
Moreira and Ferreira, 2009)
Modelling high level system design and unit
commitment for a microgrid (Hawkes and
Leach, 2009)
Influence of the regulation framework on the
feasibility of a Stirling engine-based
residential micro-CHP installation (GonzálezPino et al., 2015)
[BOOK] Energy 2050: Making the transition to a
secure low carbon energy system (Skea, Ekins
and Winskel, 2011)
Microturbine systems for small combined heat
and power (CHP) applications (Backman and
Kaikko, 2011)
Predicting electric vehicle impacts on residential
distribution networks with distributed
generation (Papadopoulos et al., 2010)
A mathematical programming approach for
optimal design of distributed energy systems at
the neighbourhood level (Mehleri et al., 2012)
Optimal design and operation of distributed
energy systems: Application to Greek residential
sector (Mehleri et al., 2013)
Micro-combined heat and power systems
(micro-CHP) based on renewable energy
sources (Martinez et al., 2017)
Multi-objective optimization for the operation
of distributed energy systems considering
economic and environmental aspects (Ren et
al., 2010)
The status of sofc r&d in the fuel cell and
hydrogen joint undertaking program (Atanasiu,
2015)
A case study analysis of system efficiency,
viability and energy values of SOFC based fuel
cell Micro-CHP for (Tesfai et al., 2015b)
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Carbon optimized virtual power plant with
electric vehicles (Skarvelis-Kazakos et al., 2010)
The role of pumped and waste heat
technologies in a high-efficiency sustainable
energy future for the UK (Markides, 2013)
Review and prospect of integrated demand
response in the multi-energy system (Wang et
al., 2017a)
Support schemes and ownership structures–the
policy context for fuel cell based microcombined heat and power (Schroeder, Costa
and Obé, 2011)
Uncertainties in key low carbon power
generation technologies–implication for UK
decarbonisation targets (Kannan, 2009)
A review of micro combined heat and power
systems for residential applications (Murugan
and Horák, 2016)
Implementing agent-based emissions trading
for controlling Virtual Power Plant emissions
(Skarvelis-Kazakos et al., 2013)
Performance of residential fuel-cell-combined
heat and power systems for various household
types in Japan (Ozawa and Kudoh, 2018)
[PDF] Making Combined Heat and Power
District Heating (CHP-DH) networks in
the United Kingdom economically viable: a
comparative approach (Kelly and Pollitt, 2009)
Smart‐grid policies: an international review
(Brown and Zhou, 2013b)
[PDF] Micro-CHP technologies for distributed
generation (Klobut, Ikäheimo and Ihonen, 2012)
Optimization of a High Temperature
PEMFC micro‐CHP System by Formulation and
Application of a Process Integration
Methodology (Arsalis, Nielsen and Kær, 2013)
Optimal design and economic analysis of a
hybrid solid oxide fuel cell and parabolic solar
dish collector, combined cooling, heating and
power (CCHP) system used … (Moradi and
Mehrpooya, 2017)
Calibration and validation of a model for
simulating thermal and electric performance of
an internal combustion engine-based microcogeneration device (Rosato and Sibilio, 2012)
Micro-generation for 2050: life-cycle carbon
footprint of micro-generation sources
(Skarvelis-Kazakos, Cipcigan and Jenkins, 2009a)
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Analysis of a fuel cell combined heat and power
plant under realistic smart management
scenarios (Facci and Ubertini, 2018b)
Distributed generation by energy from waste
technology: a life cycle perspective (Evangelisti
et al., 2015)
Energy conversion with solid oxide fuel
cell systems: A review of concepts and outlooks
for the short-and long-term (Adams et al., 2012)
Multiple energy carrier optimisation with
intelligent agents (Skarvelis-Kazakos et al.,
2016)
Techno-economic assessment of biogas-fed
solid oxide fuel cell combined heat and power
system at industrial scale (Giarola et al., 2018)
Full ceramic fuel cells based on strontium
titanate anodes, an approach towards more
robust SOFCs (Holtappels et al., 2013)
Modeling, planning and optimal energy
management of combined cooling, heating and
power microgrid: A review (Gu et al., 2014)
Fulfillment of net-zero energy building (NZEB)
with four metrics in a single family house with
different heating alternatives (Mohamed, Hasan
and Sirén, 2014)
Analysis of the strategies for bridging the gap
towards the Hydrogen Economy (Moliner,
Lázaro and Suelves, 2016)
An energy systems engineering approach for
the design and operation of microgrids in
residential applications (Liu, Georgiadis and
Pistikopoulos, 2013)
Optimal structural design of residential
cogeneration systems in consideration of their
operating restrictions (Wakui and Yokoyama,
2014)
Energy retrofitting of residential buildings—
How to couple Combined Heat and Power (CHP)
and Heat Pump (HP) for thermal management
and off-design operation (Lo Basso et al., 2017)
State of the art review: fuel cell technologies in
the domestic built environment (Elmer and
Riffat, 2014)
[HTML] Impact of dynamic aspects on
economics of fuel cell based micro cogeneration in low carbon futures (Vijay and
Hawkes, 2018)
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Energy versus economic effectiveness in CHP
(combined heat and power) applications:
Investigation on the critical role of commodities
price, taxation and power grid … (Comodi and
Rossi, 2016)
Definition of validated membrane reactor
model for 5 kW power output CHP system for
different natural gas compositions (Di
Marcoberardino et al., 2016)
UK microgeneration. Part II: technology
overviews (Staffell et al., 2010b)
Life cycle assessment of a polymer
electrolyte (Evangelisti et al., 2017)
Probabilistic multiobjective operation
management of microgrids with hydrogen
storage and polymer exchange fuel cell power
plants (Niknam and Golestaneh, 2012)
[HTML] Uncertainties in decarbonising heat in
the UK (Chaudry et al., 2015)
The economics of distributed energy
generation: A literature review (Allan et al.,
2015)
Design and test of a single effect thermal
desalination plant using waste heat from m-CHP
units (Cioccolanti et al., 2015)
[HTML] Achievements of European projects on
membrane reactor for hydrogen production (Di
Marcoberardino et al., 2017)
UK microgeneration. Part I: policy and
behavioural aspects (Bergman et al., 2009)
Combined cooling, heating and power: A review
of performance improvement and optimization
(Cho, Smith and Mago, 2014)
[HTML] A review of energy systems models in
the UK: Prevalent usage and categorisation (Hall
and Buckley, 2016)
Support Schemes and Ownership Structures:
The Policy Context for Fuel Cell Based Micro‐
Combined Heat and Power (Ropenus et al.,
2010a)
CHP and its role in efficient energy production:
a feasibility assessment model (Nock, 2012)
Tri-generation systems: Energy policies, prime
movers, cooling technologies, configurations
and operation strategies (Jradi and Riffat, 2014)
The yellow pages of SOFC technology.
International Status of SOFC deployment 2017
(McPhail, Kiviaho and Conti, 2017)
[PDF] A reconsideration of the use of domestic
CHP in the UK domestic market (Rogers, 2013)
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Effect of idling temperature on high
temperature polymer electrolyte
membrane fuel cell degradation under
simulated start/stop cycling conditions (Javier
Pinar et al., 2016)
Dynamic performance assessment of a buildingintegrated cogeneration system for an Italian
residential application (Rosato, Sibilio and
Ciampi, 2013)
Combined cooling, heating and power systems:
A survey (Liu, Shi and Fang, 2014)
Review and analysis of fuel cell-based, microcogeneration for residential applications:
current state and future opportunities
(Milcarek, Ahn and Zhang, 2017)
Overview of small and micro combined heat and
power (CHP) systems (Knowles, 2011)
[HTML] A review of fuel cell systems for
maritime applications (Van Biert et al., 2016)
[PDF] Proposed CHP utilisation model for UK
market (Nock et al., 2011)
[HTML] The role of hydrogen and fuel cells in
the global energy system (Staffell et al., 2019b)
The survey of key technologies in hydrogen
energy storage (Zhang et al., 2016)
Hydrogen fuel cell technology (Squadrito et al.,
2014)
Innovation priorities for UK bioenergy:
Technological expectations within path
dependence (Levidow, Papaioannou and BordaRodriguez, 2013)
A techno-economic assessment for replacement
of conventional fossil fuel based technologies in
animal farms with biogas fueled CHP units
(Teymoori Hamzehkolaei and Amjady, 2018)
A novel controller of a battery-supercapacitor
hybrid energy storage system for domestic
applications (Wang et al., 2017b)
Comparative life-cycle assessment of residential
heating systems, focused on solid oxide fuel
cells (Cánovas, Zah and Gassó, 2013)
A review on the methods for biomass to energy
conversion systems design (Yılmaz and Selim,
2013)
[HTML] High-resolution stochastic integrated
thermal–electrical domestic demand model
(McKenna and Thomson, 2016)
Fair electricity transfer price and unit capacity
selection for microgrids (Zhang et al., 2013)
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118

The techno-economics of small-scale residential
heating in low carbon futures (Vijay and
Hawkes, 2017)
Heat integration including heat exchangers,
combined heat and power, heat pumps,
separation processes and process control
(Klemeš and Varbanov, 2012)
Improved performance of hybrid photovoltaictrigeneration systems over photovoltaic-cogen
systems including effects of battery storage
(Nosrat, Swan and Pearce, 2013)
Optimal distributed energy resources and the
cost of reduced greenhouse gas emissions in a
large retail shopping centre (Braslavsky, Wall
and Reedman, 2015)
[HTML] A modelling study for the integration of
a PEMFC micro-CHP in domestic building
services design (Adam, Fraga and Brett, 2018)
Renewable micro-generation of heat and
electricity—Review on common and missing
socio-technical configurations (Juntunen and
Hyysalo, 2015)
[HTML] Multi-level mathematical modeling of
solid oxide fuel cells (Kupecki, Jewulski and
Milewski, 2012)
[HTML] Integrating housing stock and energy
system models as a strategy to improve heat
decarbonisation assessments (Dodds, 2014)
[PDF] Performance implications of heat pumps
and micro-cogenerators participating in demand
side management (Cooper, Hammond and
McManus, 2013b)
Mixed-integer optimisation based approach for
design and operation of distributed energy
systems (Wouters et al., 2014)
Modeling and optimization of building mix and
energy supply technology for urban districts
(Best, Flager and Lepech, 2015)
Examination of the optimal operation of
building scale combined heat and power
systems under disparate climate and GHG
emissions rates (Howard and Modi, 2017)
[PDF] Exergoeconomic evaluation of small scale
CHP systems (Bagdanavicius and Jenkins, 2011)
The role of attitudes in technology acceptance
management: Reflections on the case of
hydrogen fuel cells in Europe (Bögel et al., 2018)
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[CITATION] Market launch of BlueGen:
Essential experience from real-world field
trials (Rowe and Foger, 2011)
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Effect of heat storage and fuel price on energy
management and economics of micro CCHP
cogeneration systems (Askari, Sadegh and
Ameri, 2014)
Optimum sizing and operational strategy of CHP
plant for district heating based on the use of
composite indicators (Franco and Versace,
2017)
[PDF] A Thousand Flowers bloom: energy
economic modelling of microgeneration-dense
futures for the UK (Li, 2015a)
A review on house design with energy saving
system in the UK (Xie et al., 2017)
Hydrogen Fuel Cell Technology for a Sustainable
Future: A Review (Kumar and Sehgal, 2018)
Hydrogen to link heat and electricity in the
transition towards future Smart Energy Systems
(Nastasi and Lo Basso, 2016)
[HTML] Identifying business opportunities for
green innovations: A quantitative foundation
for accelerated micro-fuel cell diffusion in
residential buildings (von Geibler et al., 2018)
Application of SOFC Technology (Shao and Tadé,
2016)
[PDF] Analysis of new technologies used for
CCHP systems (UZUNEANU and DIACONESCU,
2013)
Numerical modeling of an automotive
derivative polymer electrolyte membrane fuel
cell cogeneration system with selective
membranes (Loreti et al., 2019b)
Microgeneration in the UK and Germany from a
technological innovation systems perspective
(Praetorius et al., 2012)
[HTML] Systematic analysis of biomass derived
fuels for fuel cells (Archer and SteinbergerWilckens, 2018)
The Integration of Micro-CHP and Biofuels for
Decentralized CHP Applications (Doukelis and
Kakaras, 2011)
Weber: The Success and Failure of Combined
Heat and Power (CHP) in the UK, Germany and
the Netherlands: Revisiting Stewart Russell's
Perspective on … (Weber, 2014)
Optimal design of residential cogeneration
systems under uncertainty (Fuentes-Cortés,
Santibañez-Aguilar and Ponce-Ortega, 2016)
Economic and environmental optimization
model for the design and the operation of a
combined heat and power distributed
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generation system in an urban area (Bracco,
Dentici and Siri, 2013)
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Electrification in the United Kingdom: A Case
Study Based on Future Energy Scenarios
(Fowler, Elmhirst and Richards, 2018)
Microgrid power balancing with redox flow
batteries (Skarvelis-Kazakos, Giwa and Hall,
2014)
Economic Analysis of Domestic Combined Heat
and Power System in the UK (Sutharssan et al.,
2016)
Dynamic programming to a CHP-HES system
(Chen et al., 2014)
Cycling studies of micro-tubular solid oxide fuel
cells (Dikwal, 2009)
Operational planning in energy networks based
on microgeneration (Kopanos, Georgiadis and
Pistikopoulos, 2013a)
Review of optimization techniques of
polygeneration systems for building applications
(Y, Y and R, 2016)
Design and operational planning of energy
networks based on combined heat and power
units (Koltsaklis, Kopanos and Georgiadis, 2014)
Is carbon lock-in blocking investments in the
hydrogen economy? A survey of actors'
strategies (Bento, 2010)
Evaluation of maximum allowable capacity of
distributed generations connected to a
distribution grid by dual genetic algorithm (Yang
and Chen, 2011)
A mixed-integer linear programming approach
for cogeneration-based residential energy
supply networks with power and heat
interchanges (Wakui, Kinoshita and Yokoyama,
2014)
[PDF] Pathways for energy storage in the UK
(Taylor et al., 2012)
[PDF] A Study of a Diesel Engine Based MicroCHP System (Krishna et al., 2010)
Energy technologies for building supply
systems: MCHP (Sibilio and Rosato, 2016)
Non-constant learning rates in retrospective
experience curve analyses and their correlation
to deployment programs (Wei, Smith and Sohn,
2017)
Emissions of aggregated micro-generators
(Skarvelis-Kazakos, 2011)
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An integrated method for decentralized
Combined Heat and Power planning
(Sadeghzadeh, 2009)
Model-based design and operation of fuel
cell systems (Ang, 2012)
Assessment of the Current Level of Automation
in the Manufacture of Fuel Cell Systems for
Combined Heat and Power Applications (Ulsh,
Wheeler and Protopappas, 2011)
[BOOK] Palladium Membrane Technology for
Hydrogen Production, Carbon Capture and
Other Applications: Principles, Energy
Production and Other Applications (Doukelis et
al., 2014)
[HTML] Incorporating homeowners' preferences
of heating technologies in the UK TIMES model
(Li, Keppo and Strachan, 2018)
The role of an exergy-based building stock
model for exploration of future decarbonisation
scenarios and policy making (García Kerdan et
al., 2017c)
[HTML] Market integration of local energy
systems: Is local energy management
compatible with European regulation for retail
competition? (Eid et al., 2016)
[PDF] An international survey of electrical and
domestic hot water load profiles for microcogeneration performance simulations
(Darcovich, Entchev and Kelly, 2014)
A computational fluid dynamics and finite
element analysis design of a microtubular solid
oxide fuel cell stack for fixed wing mini
unmanned aerial vehicles (Hari et al., 2019)
A review of socio-technical energy transition
(STET) models (Li, Trutnevyte and Strachan,
2015)
The residential energy sector (Staffell, Hamilton
and Green, 2015)
[PDF] Hydrogen Economy: the future for a
sustainable and green society (Pandev et al.,
2017)
Compared analysis of the economic and
environmental benefits by using an energy
management system in different European
countries (Azuma and Magnani, 2017)
Pd-based membranes in hydrogen production
for fuel cells (Bredesen et al., 2015)
[PDF] Synthesis Report on the Viability of MicroGeneration Systems in Different Operational
Contexts (Sasso et al., 2014)
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[PDF] Methodologies for the Performance
Assessment of Micro Hybrid Polygeneration
Systems (Sasso, 2014)
Methanol Barrier Layers: Modified Membrane
Electrode Assemblies for the Improvementof
Direct Methanol Fuel Cell Performance
(Chailuecha, 2016)
So what do innovating companies really get
from publicly funded demonstration projects
and trials? Innovation lessons from solar
photovoltaics and wind (Hendry, Harborne and
Brown, 2010)
The micro-cogeneration and emission control
and related utilization field (Rosato et al., 2017)
Combined heat, cooling, and power systems
based on half effect absorption chillers and
polymer electrolyte membrane fuel cells (Loreti
et al., 2019a)
[PDF] An international survey of electrical and
DHW load profiles for use in simulating the
performance of residential micro-cogeneration
systems (Darcovich, Entchev and
Tzscheutschler, 2014)
From optimisation to diversity: changing
scenarios of heating for buildings in the UK
(Winskel, 2015)
[BOOK] SUPERGEN DoSH2: Delivery of
Substainable Hydrogen: Technology, Markets
and Innovation (Contestabile, Eames and
Hacking, 2013)
A review on the role, cost and value of
hydrogen energy systems for deep
decarbonisation (Parra et al., 2019)
[PDF] Analysis of opportunities and synergies
in fuel cell and hydrogen technologies
(Lebutsch, Kraaij and Weeda, 2009)
MES (multi-energy systems): An overview of
concepts and evaluation models (Mancarella,
2014)
Renewable energy: resources and technologies
(Eltrop, 2013)
Influence of the heat storage size on the plant
performance in a smart user case study (Chesi
et al., 2013)
Economic and environmental optimization for
distributed energy resource systems coupled
with district energy networks (Li et al., 2016)
Catalytic combustion of hydrogen for heat
production (Saint-Just and Etemad, 2016b)

Year

T

2014

1

2016

1

S&
P

2010
1

2019

1

2014

1

1

2013

1

2019

1

2009

1

1

1

S

1

1

2013

1

1

2016
2016

E

1

2015

2013

R

1

2017

2014

E&
C

1

1

1

274 | P a g e

ID

182

183

184

185

186

187

188

189

190
191

192

193

194

195

196
197

198

Title/Reference/URL
Using the multi-level perspective on sociotechnical transitions to assess innovation policy
(Kern, 2012)
Status on Demonstration of Fuel
Cell Based Micro‐CHP Units in Europe (Nielsen
et al., 2019b)
Can fuel cell micro-CHP justify the hydrogen gas
grid? Operating experience from a UK domestic
retrofit (Boait and Greenough, 2019)
A micro CHP plant for increased energy
efficiency and reduced carbon emissions (quot
et al., 2009)
Micro-generators: The prospects for combined
heat and power systems on a domestic scale
(Hammond and Titley, 2011)
[PDF] Modelling and optimisation of a solid
oxide fuel cell based micro-CHP system in a four
bedroom house in London in present and future
energy scenarios (Adam, Fraga and Brett,
2013a)
[PDF] Microgrids and active distribution
networks (Chowdhury, Chowdhury and
Crossley, 2009)
A Preliminary Feasibility Study of a Fuel
Cell Based Combined Cooling Heating and
Power System (Sevencan, Altun-Ciftcioglu and
Kadirgan, 2011)
[HTML] Micro-cogeneration low-carbon
technologies for domestic use: a review (de
SOUZA et al., 2015)
Fuel Cell Status (Kumar, 2016)
[PDF] Financial, Environmental and Energy
Analysis of Various Micro-CHP Systems within
the UK Domestic Market (Doyle et al., 2013)
Energy planning for a residential network of
micro combined heat and power generators
(Kopanos, Georgiadis and Pistikopoulos, 2012)
[PDF] Modelling of a hydrogen fuel cell CHP
system For community scale in Scotland
(Carnegie, 2018)
A Mixed-Integer Linear Programming Model for
the Optimal Operation and Design of Residential
Neighbourhoods (Dorneanu et al., 2019)
[PDF] The Hydrogen and Fuel Cell Technical
Advisory Committee (Moniz and Secretary,
2013)
Micro-CHP Trial Report. (Jones, Wardle and
Matthews, 2014)
Micro co-generation of heat and power hybrid
with renewables: State of the art (Gautam,
2016)

Year

T

2012

S&
P

E&
C

R

E

1

2019

1

1

2019

1

2009

1

2011

S

1

1

1

1

1

2013

1

2009

1

2011

1

2015
2016

1
1

2013

1

2012

1

2018

1

2019

1

2013

1

1

1

1

2014

1

2016

1

1

275 | P a g e

ID

199

200

201

202

203

204

205

206

207

208
209

210

211

212

Title/Reference/URL
[PDF] Robust Lifecycle Design and Health
Monitoring for Fuel-Cell Extended Performance
(RESILIENCE). (Fecarotti, Andrews and Jackson)
Assessment of the Demand for Critical Raw
Materials for the Implementation of Fuel Cells
for Stationary and Mobile Applications
(Wittstock et al., 2019)
[PDF] Riffat, Saffa B.(2015) Fuel cell technology
for domestic built environment applications:
state of-the-art review. Renewable and
Sustainable Energy Reviews, 42 … (Elmer et al.,
2015)
Techno-economic Assessment of a Hybrid Offgrid DC System for Combined Heat and Power
Generation in Remote Islands (Kalamaras et al.,
2019)
Techno-economic evaluation of sago biomassbased combined heat and power (CHP) system
(Wan et al., 2015)
[PDF] Status and market opportunities of solid
oxide fuel cells based cogeneration systems
(Posdziech et al., 2011)
[PDF] Persistence of innovative technologies in
long-term co-development and transition
processes: the case of CHP technologies in the
UK. (Sentic, Coles and Piterou, 2017)
[PDF] DEVELOPMENT AND EVALUATION OF THE
5 KW FUEL CELL CEPEL DEMONSTRATION
PROJECT (GERALDO et al., 2010)
[PDF] Thermodynamic analysis of efficient
domestic heating systems (Cooper, Hammond
and McManus, 2011b)
[PDF] DESIGN AND OPERATIONAL
OPTIMISATION OF A HOT-WATER PIPING
NETWORK WITHIN A MICROGRID (Mehleri et
al., 2011)
Practical feasibility and assessment model for
combined heat and power (Nock, 2011)
[PDF] Thermodynamic analysis of efficient
domestic heating systems. In: 2nd International
Conference on Microgeneration and Related
Technologies, 2011-04-04 … (Cooper, Hammond
and McManus, 2011a)
[PDF] * H2 Plus Ltd., Farnham, Surrey, UK,
Precision Combustion, Inc., North Haven, CT,
USA (Saint-Just and Etemad, 2016a)
Superfine water cleaning system with “net zero”
power consumption as a renewable power
source (Sudarev et al., 2011)
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A Combined Organic Rankine Cycle-Heat Pump
System for Domestic Hot Water Application
(Collings, Al-Tameemi and Yu, 2016)
La aceptación pública de las aplicaciones de las
Pilas de Combustible de Hidrógeno en Europa
(Oltra et al., 2017b)
Hydrogen Fuel Cell Analysis: Lessons Learned
from Stationary Power Generation Final Report
(Grasman et al., 2010)
[PDF] Micro Injection Moulding for Micro Fuel
Cell Production (Wöhner, 2016)
Fuel Cell Based Power-Generating Installations:
State of the Art and Future Prospects (Popel’,
Tarasenko and Filippov, 2018)
Micro Combined Heat and Power Units in the
UK: Feasibility Assessment Using Real Time
Pricing and Analysis of Related Policies
(Sudtharalingam, 2012)
Spatially Resolved Optimization for Studying the
Role of Hydrogen for Heat Decarbonization
Pathways (Jalil-Vega and Hawkes, 2018)
Test and approval center for fuel cell and
hydrogen technologies: Phase I. Initiation. Final
report; Test-og godkendelsescenter for
braendselscelle-og brintteknologier … (Hagen,
2012a)
A Versatile Power Electronic Interface for a Fuel
Cell and Ultra-Capacitor Energy Buffer for a DC
Micro-grid System (Al-Atbee, 2018)
2. The future of fuel cells in a long term intertechnology competition framework (Silvana
Mima, 2012)
Smart‐Grid Policies: An International (Brown
and Zhou, 2013a)
[PDF] Holistic sizing and operational
optimisation of domestic micro-CHP and hybrid
energy storage system (Yu, 2016)
[PDF] IEA-Advanced Fuel Cells (Gesellmann,
Simader and Hacker, 2010)
[PDF] FUEL CELL AND DISTRIBUTED
GENERATION RESEARCH, DEVELOPMENT, AND
DEMONSTRATION PLAN (Brown Jr, 2011)
[PDF] Review of UK microgeneration. Part I:
policy and behavioural aspects (Bergman et al.,
2009)
[PDF] Implementing Agreement on Advanced
Fuel Cells (AFC) (Wien et al., 2011)
[PDF] Iain Staffell Research Associate, School of
Chemical Engineering, University of
Birmingham, UK (Blanchard et al., 2011)
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Meta-heuristic optimization for a high-detail
smart management of complex energy systems
(Facci and Ubertini, 2018a)
Cross-cutting issues for microgeneration
(Staffell and Hamilton, 2015)
[PDF] Impact of support mechanisms on
microgeneration performance in OECD
countries (Hawkes et al., 2014)
Techno-economical tradeoffs from embedded
technologies with storage capabilities on
electric and gas distribution networks (Acha,
Green and Shah, 2010)
The need for multi-level thinking in meeting the
2050 target reduction in CO2 emissions in
domestic dwellings (Ritson and Pretlove, 2010)
[PDF] A techno-economic study of renewable
energy resources for decentralized energy
system at Eelde (Hengeveld and de Rooij, 2018)
[PDF] The UK Feed-in Tariff: A User Survey
(Mendonça, 2011)
[PDF] Technology-rich modelling of micro
combined heat and power for economic,
environmental, and policy assessment (Hawkes,
2009)
A change of scale? Prospects for distributed
energy resources (Hawkes et al., 2012)
[PDF] Brandon, NP and Infield, DG and Jardine,
C. and Kelly, NJ and Leach, MO and Matian, M.
and Peacock, AD and Staffell, I. and
Sudtharalingam, S. and … (Bergman et al., 2009)
[PDF] Combined heat and power: technology
review and analysis for a residential building
(Reinert, 2012)
Energy and environmental impacts of energy
related products (ErP): a case study of biomassfuelled systems (Cellura et al., 2014)
New developments in heat integration and
intensification, including total site, waste-toenergy, supply chains and fundamental
concepts (Klemeš, Varbanov and Kapustenko,
2013)
ORC based micro-cogeneration systems for
residential application–A state of the art review
and current challenges (Pereira et al., 2018)
US clean energy hydrogen and fuel
cell technologies: a competitiveness analysis
(Fullenkamp et al., 2017)
Impacts of plug-in hybrid vehicles and combined
heat and power technologies on electric and gas
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Polygeneration systems in buildings: A survey
on optimization approaches (Rong and Su,
2017)
A Systems Engineering Reference Model
for Fuel Cell Power Systems Development
(Blanchard, 2011)
A review of renewable energy supply and
energy efficiency technologies (Abolhosseini,
Heshmati and Altmann, 2014)
[PDF] Best practise report on decentralized
biomass fired CHP plants and status of biomass
fired small-and micro scale CHP technologies
(Padinger, Aigenbauer and Schmidl, 2019)
Multi-objective investment and operating
optimization of energy systems with integer cut
constraints and evolutionary algorithm
(Fazlollahi, Marechal and Beraud, 2011)
[HTML] Corrective receding horizon scheduling
of flexible distributed multi-energy microgrids
(Holjevac et al., 2017)
Profit allocation analysis among the distributed
energy network participants based on Gametheory (Wu et al., 2017)
[PDF] UK energy in a global context: synthesis
report (Ekins and Watson, 2014)
An Experimental Study of a Passive Direct
Formate Fuel Cell (Valverde, 2019)
storage capabilities on electric and gas
distribution networks'. In IEEE PES 2010.
Minneapolis, MN: IEEE.(2011a)'Optimal
charging strategies of electric vehicles in the …
(Alarcon—Rodriguez, Ault and Galloway, 2013)
Evaluation of HT-PEM MEAs: Load cycling versus
start/stop cycling (Büsselmann et al., 2019)
Energy technology allocation for distributed
energy resources: A strategic technology-policy
framework (Mallikarjun and Lewis, 2014)
Towards a smart energy network: The roles of
fuel/electrolysis cells and technological
perspectives (Zhang et al., 2015b)
Optimal design of inherently safer domestic
combined heat and power systems (FuentesCortés, Martinez-Gomez and Ponce-Ortega,
2015)
Optimization of Energy-Supply Structure in
Residential Premises Using Mixed-Integer Linear
Programming (Szypowski, Siewierski and
Wędzik, 2018)

2014

1

2019

1

2011

1

2017

1

1

1

2017

1

2014

1

2019

1

2013

1

2019

1

2014

1

2015

1

2015

1

2018

1

279 | P a g e

ID

261
262

263
264
265

266

267

268
269

270
271

272
273
274

275
276

277

Title/Reference/URL
[BOOK] Investigating the opportunity to
increase the economic and environmental
potential of the integrated-planar solid
oxide fuel cell through choice of cathode …
(Millar, 2009)
Electricity in Europe: exiting fossil fuels? (Green
and Staffell, 2016)
[PDF] UKERC Energy Strategy Under
Uncertainties-Uncertainties in UK Heat
Infrastructure Development (Chaudry et al.,
2014)
The design, testing and analysis of a biofuel
micro-trigeneration system (Yu, 2013)
Domestic combined heat and power generation
system (Hasko, Allderidge and Lowrie, 2011)
Sustainable energy systems: Role of
optimization modeling techniques in power
generation and supply—A review (Bazmi and
Zahedi, 2011)
[BOOK] Dynamic simulation and optimal realtime operation of CHP systems for buildings
(Cho, 2009)
[HTML] Pumped and Waste Heat Technologies
in a High-Efficiency Sustainable Energy Future
(Markides, 2011)
Competing Technologies Landscape (McPhee,
2014)
Review of energy system flexibility measures to
enable high levels of variable renewable
electricity (Lund et al., 2015)
[BOOK] Energy analysis of a microCHP demonstration facility (Giffin, 2010)
Use of MCDM techniques for energy policy and
decision‐making problems: A review (Kaya,
Çolak and Terzi, 2018)
[BOOK] Modeling and analysis with induction
generators (Simões and Farret, 2014)
Innovation on Bioenergy (Gírio, 2019)
Reactive scheduling by a multiparametric
programming rolling horizon framework: a case
of a network of combined heat and power units
(Kopanos and Pistikopoulos, 2014)
[PDF] Document history and status Release Date
Author Description (Oltra, 2014)
Energetic communities for community energy: A
review of key issues and trends shaping
integrated community energy systems (Koirala
et al., 2016)
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[HTML] Holistic modelling techniques for the
operational optimisation of multi-vector energy
systems (Reynolds, Ahmad and Rezgui, 2018)
An interdisciplinary review of energy storage for
communities: Challenges and perspectives
(Parra et al., 2017)
Smart grid governance: An international review
of evolving policy issues and innovations
(Brown, Zhou and Ahmadi, 2018)
Virtual power plants: An answer to increasing
distributed generation (El Bakari and Kling,
2010)
Multi-objective operation optimization of a
Distributed Energy System for a large-scale
utility customer (Di Somma et al., 2016)
Green hydrogen production from raw biogas: A
techno-economic investigation of conventional
processes using pressure swing adsorption unit
(Marcoberardino et al., 2018)
Urban retrofitting: Identifying disruptive and
sustaining technologies using performative and
foresight techniques (Dixon et al., 2014)
Integrated evaluation of residential micro
combined heat and power systems
(Tsakomakas, 2015)
From optimisation to diversity (Winskel, 2015)
A study on energy performance of 30
commercial office buildings in Hong Kong (Jing
et al., 2017)
Two-Level Evolutionary Multi-objective
Optimization of a District Heating System with
Distributed Cogeneration (Casisi et al., 2019)
[BOOK] Recent Advances in High-temperature
PEM Fuel Cells (Pasupathi et al., 2016)
Policies for Distributed Energy Generation
(Sweet, 2016)
Multi-objective design optimization of
distributed energy systems through cost and
exergy assessments (Di Somma et al., 2017)
[PDF] Energy from Microgeneration:
Sustainability and Perceptions in the UK.
(Balcombe, 2014)
Solid Oxide Fuel Cells: Sustainability Aspects
(Birnbaum, Steinberger-Wilckens and Zapp,
2019)
Adequacy assessment of power systems
incorporating building cooling, heating and
power plants (Miryousefi Aval, Ahadi and
Hayati, 2015)
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Ionomer-stabilised Pt and Pt-Ti bimetallic
electrocatalysts for the proton exchange
membrane fuel cell (Curnick, 2012)
Corrosion of high surface area carbon supports
used in proton-exchange membrane fuel
cell electrodes (Castanheira, 2014)
Two-Level Evolutionary Multi-objective
Optimization of a District Heating System with
Distributed Cogeneration (Casisi et al., 2018)
Energy saving in energy market reform—The
feed-in tariffs option (Eyre, 2013)
Sustainability in the UK domestic sector: A
review and analysis of the sustainable energy
innovations available to homeowners (Hultgren,
2015)
Facilitating Trade in Selected Climate Change
Mitigation Technologies in the Energy Supply,
Buildings, and Industry Sectors (Steenblik and
Kim, 2009)
Small is beautiful (Burger and Weinmann,
2013b)
[BOOK] Nanostructured and advanced materials
for fuel cells (Jiang and Shen, 2013)
Control and Management Architectures (Lopes,
2016)
[PDF] Public-domain roadmaps (Phaal, 2011)
[BOOK] Modeling and Analysis of
Aluminum/Air Fuel Cell (Leon, 2013)
A mixed integer linear programming approach
for optimal DER portfolio, sizing, and placement
in multi-energy microgrids (Mashayekh et al.,
2017)
Biomass-fired combined cooling, heating and
power for small scale applications–A review
(Wegener et al., 2018)
Dynamic simulation of a microcogeneration
system in a Spanish cold climate (Marrasso et
al., 2018)
[BOOK] Powering the low-carbon economy: the
once and future roles of renewable energy and
natural gas (Kitasei, 2010)
[BOOK] The Hydrogen Transition (Ogden et al.,
2014)
A review of experience curve analyses for
energy demand technologies (Weiss et al.,
2010)
Review of distributed generation (DG) system
planning and optimisation techniques:
Comparison of numerical and mathematical
modelling methods (Theo et al., 2017)
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Optimal real-time dispatch for integrated
energy systems: An ontology-based multi-agent
approach (Anvari-Moghaddam et al., 2016)
[BOOK] Decentralised Power Generation in the
Liberalised EU Energy Markets: Results from the
DECENT Research Project (Jörß et al., 2013)
Techno-economic analysis of a gasification
system using refuse-derived fuel from municipal
solid waste (Adefeso, 2017)
[PDF] A general framework for customized
transition to smart homes (de Souza Dutra,
Anjos and Le Digabel, 2019)
Locating experts and carving out the state of the
art: A systematic review on Industry 4.0 and
energy system analysis (Nolting et al., 2019)
Investment in the infrastructure for hydrogen
passenger cars—New hype or reality? (Bento,
2016)
[PDF] Current Updates on the Development and
Implementation of Micro-Cogeneration System
Models for Building Simulation Programs
(Darcovich et al., 2014)
Optimal design of energy conversion units for
residential buildings considering German
market conditions (Schütz et al., 2017)
[HTML] From demand response to integrated
demand response: review and prospect of
research and application (Huang et al., 2019)
Multi-agent Coordination for Market
Environments (Duan and Deconinck, 2010)
Urban carbon and energy analysis: calculation
of energy flows and emissions from residential
housing clusters and assessment of sustainable
energy options (Papafragkou, 2010)
[BOOK] Study on the Key Factors Allowing the
PEM Fuel Cell Systems Large
Commercialization: Fuel Cell Degradation and
Components Integration (Bona, 2019)
Analysis on energy efficiency and CO2 emission
reduction of an SOFC-based energy system
served public buildings with large interior zones
(Tan et al., 2018)
A comparison of an energy/economic-based
against an exergoeconomic-based multiobjective optimisation for low carbon building
energy design (García Kerdan et al., 2017a)
Micro Combined Heat and Power Systems for
Small Residential and Commercial Sites in
Alberta (Tan, 2018)
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[PDF] The potential for thermal storage to
reduce the overall carbon emissions from
district heating systems (Martin and Thornley,
2013)
Supervisory model predictive control of building
integrated renewable and low carbon energy
systems (Faramarz, 2012)
[BOOK] Renewable energy and energy
efficiency: assessment of projects and policies
(Duffy, Rogers and Ayompe, 2015)
Micro combined heat and power management
for a residential system (Tichagwa, 2013)
[PDF] Support Schemes and Ownership
Structures-The Policy (Ropenus et al., 2010b)
[PDF] Snapshots of hydrogen uptake in the
future (Ros, Weeda and Jeeninga, 2012)
[PDF] Equivalent Dynamic Model of Distribution
Network with DistributedGeneration (Zali, 2012)
[PDF] Transitions in Energy Systems
(Patwardhan et al., 2012)
[PDF] Palladium based membranes and
membrane reactors for hydrogen production
and purification (Fernandez et al., 2016)
[HTML] Electrochemical conversion
technologies for optimal design of decentralized
multi-energy systems: Modeling framework and
technology assessment (Gabrielli, Gazzani and
Mazzotti, 2018)
Alternative Renewable Energy Production
Technologies (Heshmati, Abolhosseini and
Altmann, 2015)
ExRET-Opt: An automated
exergy/exergoeconomic simulation framework
for building energy retrofit analysis and design
optimisation (García Kerdan et al., 2017b)
Techno-economic modelling of sustainable
energy future scenarios with natural gas as a
transition fuel to a low carbon economy.
(Fubara, 2016)
[PDF] Impact of Microgeneration Systems on
the Low-Voltage Electricity Grid (Kelly et al.,
2014)
Energy efficient operation strategy design for
the combined cooling, heating and power
system (Liu, 2012)
[HTML] Power capacity expansion planning
considering endogenous technology cost
learning (Heuberger et al., 2017)
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Enabling Negawatts (Burger and Weinmann,
2013a)
[PDF] Integration of Microgeneration and
Related Technologies in Building (Entchev and
Tzscheutschler, 2014)
Review of international guides for the
interconnection of distributed generation into
low voltage distribution networks (Torquato et
al., 2012)
[PDF] UKERC Energy Strategy Under
Uncertainties Perceived Uncertainty in the
Demand for Electric Vehicles: A Qualitative
Assessment (Morton, Anable and Brand, 2014)
[PDF] Management of Distributed Energy
Resources in Energy Systems (Hassan, 2016)
[BOOK] ECOS 2012 The 25th International
Conference on Efficiency, Cost, Optimization
and Simulation of Energy Conversion Systems
and Processes (Perugia, June … (Sciubba,
Manfrida and Desideri, 2012)
[PDF] Voltage control in distribution networks
using on-load tap changer transformers (Gao,
2013)
Co-simulation of a dynamic process simulator
and an event-based control system: Case district
heating system (Nikula et al., 2014)
The public acceptance of hydrogen fuel
cell applications in Europe (Oltra et al., 2017a)
Investigation of methods for loss of mains
detection for domestic scale distributed
generation (Watts, 2013)
OECD Studies on Environmental Innovation
Discontinued This series of publications
examines how technological innovation can
make improvements in the … (Innovation, 2011)
[PDF] Optimized operation of the MTT EnerTwin
in non-continuous or part load operation (Maj,
2017)
[PDF] Energy Investment: Low Carbon Energy
(Delivering, 2015)
[BOOK] The decentralized energy revolution:
business strategies for a new paradigm (Burger
and Weinmann, 2012)
[PDF] Renewable and Environmentally
Sustainable Energy Sources. The Role of
Chemistry and New Technological
Developments (Valavanidis, 2016)
Introduction to hydrogen production (Navarro,
Guil and Fierro, 2015)
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Final report of the roads2hycom project: fuel
cells and hydrogen in a sustainable energy
economy (Andersen et al., 2009)
[PDF] Investigation into the time-shifting of
domestic heat loads (Wyse, 2011)
Triggering innovation (Brander, 2017)
A review of uncertainty characterisation
approaches for the optimal design of distributed
energy systems (Mavromatidis, Orehounig and
Carmeliet, 2018)
Low-carbon innovation in non-domestic
buildings: The importance of supply chain
integration (Kesidou and Sorrell, 2018)
Sustainable Smart Grids, Emergence of a Policy
Framework (Brown and Zhou, 2013c)
Comparison of clustering algorithms for the
selection of typical demand days for energy
system synthesis (Schütz et al., 2018)
[PDF] Effective DG Incentive and DSR Incentive
for Distribution Network Operators (Hidayat,
2015)
[PDF] Multi-energy systems: An overview of
concepts and evaluation models (Mancarella,
2013)
[PDF] Clean economy, living planet (Berger,
2012)
Multi-objective optimization and comparison
framework for the design of Distributed Energy
Systems (Karmellos and Mavrotas, 2019)
An introduction to the utilization of membrane
technology in the production of clean and
renewable power (Damle, 2014)
[BOOK] Combined Cooling, Heating, and Power
Systems: Modeling, Optimization, and
Operation (Shi, 2017)
Optimal active distribution network planning: a
review (Xiang et al., 2016)
Business Models in Smart Grids: A Residential
Sector Focused Energy Service Company (Braun,
2014)
[PDF] D4. 2 Assessed Standardised Energy
Generation and Energy Distribution Packages
(Nouvel, 2016)
A review on the utilization of hybrid renewable
energy (Guo et al., 2018)
A statistical analysis on operation scheduling for
an energy network project (Sugaya, 2012)
Numerical analysis of a H2ICE-based CHP unit
for use in decentralized renewable energy
systems (Báez Maldonado, 2018)
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A comparison of storage systems in
neighbourhood decentralized energy system
applications from 2015 to 2050 (Murray et al.,
2018)
Developing virtual power plant for optimized
distributed energy resources operation and
integration (You, 2010)
[PDF] Characterisation of Virtual Power Plants
(Newman, 2010)
[PDF] Algorithms for Energy Management in
Micro-grids (Arikiez, 2016)
[PDF] The implications of recent UK energy
policy for the consumer: A report for the
Consumers' Association (Platchkov, 2011)
Two-stage design optimization based on
artificial immune system and mixed-integer
linear programming for energy supply networks
(Wakui et al., 2019)
[PDF] Impacts of embedded technologies on
optimal operation of energy service networks
(Acha, 2010)
[PDF] Distributed Generation (N. Jenkins, 2014)
Energy Technology Allocation for Distributed
Energy Resources: A Technology-Policy
Framework (Mallikarjun, 2014)
[BOOK] Sustainability-oriented innovation
systems: Towards decoupling economic growth
from environmental pressures? (Stamm et al.,
2009)
Connecting Micro-Generators in Parallel to the
Low Voltage Distribution Network Utilising
Standard EN50438 in the Republic of Ireland
(Murphy, 2010)
Test and Approval Center for Fuel Cell and
Hydrogen Technologies: Phase I. Initiation
(Hagen, 2012b)
[PDF] IMPACT OF PHASE CHANGE MATERIALS
ON ENERGY SAVINGS OF RENWABLE ENERGY
TECHNOLOGIES (Olubunmi, 2012)
[PDF] Technology acceleration (Winskel, 2011)
The Bloom Box (Goodman, 2011)
[BOOK] Improving the efficiency of R&D and the
market diffusion of energy technologies (Bradke
et al., 2009)
[PDF] An Investigation Into the Relationship
Between Post-occupancy Behaviour and Energy
Efficiency in Residential Buildings (Lemon, 2018)
Eletrodeposited nickel anodes for solid oxide
fuel cells (Jamil, 2017)
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Incumbency in the UK heat sector and
implications for the transformation towards
low-carbon heating (Lowes, 2018)
[PDF] Best practice in heat decarbonisation
policy: a review of the international experience
of policies to promote the uptake of low-carbon
heat supply (Hanna, 2016)
[BOOK] Technological learning in the energy
sector: lessons for policy, industry and science
(Junginger, Van Sark and Faaij, 2010)
Distributed generation and virtual power plants:
barriers and solutions (Olejniczak, 2011)
[BOOK] Proton Exchange Membrane Fuel Cells:
Design, Modelling and Performance Assessment
Techniques (Albarbar and Alrweq, 2017)
Robust and optimal design of multi-energy
systems with seasonal storage through
uncertainty analysis (Gabrielli et al., 2019)
Dynamic energy demand prediction and related
control system for UK households (Li, 2015b)
[PDF] Distributed Renewable Energy Generation
and Landscape Architecture: A Critical Review
(Beck, 2010)
[HTML] Exergy storage of compressed air in
cavern and cavern volume estimation of the
large-scale compressed air energy storage
system (He et al., 2017)
[PDF] Sectoral integration-long-term perspective in the EU Energy System (Siskos et al.,
2018)
[PDF] Study on the state of play of energy
efficiency of heat and electricity production
technologies (Vatopoulos et al., 2012)
Overcoming barriers to microgeneration in new
homes: coevolutionary analysis and attitudes to
different deployment models (James, 2014)
Techno-Economic Analysis of Combined Solar
Water Heating Systems in Cold Climate Regions
(Lotfizadeh, 2016)
Perspectives on the role of bioenergy for
distributed heat and power generation
(Pantaleo, 2013)
Management strategy for SmartGrid-A cluster
system analysis method (Wirasanti, 2014)
Life Cycle Assessment of distributed energy
production using biofuel from waste
(EVANGELISTI, 2013)
[PDF] Links between energy carriers (Pedersen
and Schramm, 2009)

Year

T

S&
P

E&
C

R

2018

1

2016

1

1

1

1

2010

1

2011

1

2019

1

2015

1

2010

1

2017

1

2018

1

2012

1

2014

1

1

2013

1

1

1

2014

1

2013

1

2009

S

1

2017

2016

E

1

1
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ID
414
415
416
417

Title/Reference/URL
[PDF] Flexibility, stability and security of energy
supply (Sørensen, 2009)
[PDF] Energy storage (Ekman et al., 2009)
[PDF] The changing global energy scene
(Christensen, Larsen and Schock, 2009)
[PDF] Flexibility in the distribution system
(Østergaard, Træholt and Togeby, 2009)
Total Number

Percentages (%)

Year

T

2009
2009

1
1

2009
2009

S&
P

E&
C

1
1
23
9
%

110
%

57

26

R

E

S

1
1
87

87

45

1
4

%
21

%
21

%
11

%
3
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9.2
9.2.1

Appendix (B) – Survey Literature Review
List of Survey Literature Review Studies
Table 41 Previous Evaluative Survey Studies
Ref. No. Ref.

9.2.2

1

(Karytsas and Theodoropoulou, 2014a)

2

(Karytsas and Theodoropoulou, 2014b)

3

(Willis et al., 2011)

4

(Mills and Schleich, 2009)

5

(Zachariah-Wolff and Hemmes, 2006)

6

(Ricci, Bellaby and Flynn, 2008)

7

(De Best-Waldhober, Daamen and Faaij, 2009)

8

(Upham, Oltra and Boso, 2015)

9

(Scarpa and Willis, 2010)

10

(Hanley et al., 1998)

11

(Mourato, Saynor and Hart, 2004)

12

(Banfi et al., 2008)

13

(O’Garra, Mourato and Pearson, 2005)

14

(Dustegor et al., 2015)

Acceptance and Adoption Metrics from Previous Evaluative Survey Studies

The highlighted criteria were considered in the survey of this research.
Table 42 Literature Review: Evaluation Metrics for the Assessment of Social
Acceptance and Adoption of Fuel Cell CHP
Criterion / Sub-Criterion
Social aspects / Knowledge
Generic knowledge about energy source
Generic knowledge about fuels (Hydrogen)
Social subjective norms
Time to collect information

Study Ref. No.
2,13,14
5,6,13
1,8
1,4
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Criterion / Sub-Criterion
Cost to collect information
Understanding how the technology works
Recommendation by others
Knowledge of the system
Friends and family have installed it
Recommendation of an independent energy adviser
Decision strategy: repetition-social comparison
Desire to improve image
Number of peers
Visibly demonstrate environmental commitment
Complexity
Social acceptance
Knowledge/Awareness
Behaviour / Attitude
Preference
Perception
willingness to use / Adoption
Impact on energy expenditure
Obstacles associated with the transition that face the
public
Energy technology
Type of energy system
Currently installed energy system type
Currently installed energy system age
Configuration of energy system
consumers' awareness on the energy technology
Installation cost of the system
Operation cost of the system
state-of-the-art technologies
Free-standing units to save energy
Risk
role of science and technology to solve energy problems
Energy demand
Instant water demand
Environmental behaviour / attitude
Recycling
Domestic energy saving
Transportation habits
Participation in environmental organizations
attend workshops and conferences
Environmental knowledge and concerns
Environmental concerns

Study Ref. No.
1,4
1,13
1,3
1,6,13
1,9
1,9
1,8
1
1
1,9
1
2,5,6,7,11,13,14
1,5,6,8,13
1,11
5,6,7
3,4,5,11,12,14
4
14
3,4
2,3,4,7,11
4,7,11
3,9
1,4,11,13
1,11
1,11
4
4
8,11
13
4
4
2,6
2
2
2,13
2,4,13
1,4,5,7,11,13
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Criterion / Sub-Criterion
Energy efﬁciency
Greenhouse gas emissions
Environmental benignity
CO2 savings
Ecological aspects
Local air quality
energy saving measures improvements
Fine particle emissions
Health risks
Global warming
Perceptions on environmental issues
Fossil fuel cause global warming
Escape from fossil fuel use
Willingness-to-adopt / pay
Support to use a technology
Motivating reason / reduce electricity bill
Motivating reason / Fighting global warming
Motivating reason / increase their property value

Study Ref. No.
1
1,5,7,13
1
1,7
1
1
1,4,12
1
1,5,11
7,13,14
2
14
14
11,12,14
11,12,14
11,12,14
11,12,14

Motivating reason /governmental financial
support
Pay extra money for installation and maintenance

11,12,14
11,12,14

Open ended question discussing some obstacles that
might stand in the way of implementing this technology

11,12,14

The amount of extra money residents agree to pay to
install a fuel cell
Pay extra if they save on bills
Economic aspects
Capital cost
Operation cost (Bills)
Grant or subsidies
House market value
Current and expected future energy prices
Payback period
Total cost
Maintenance cost
Market and infrastructure factors
Suppliers' service
Perception on installation
Contract length
Period of guarantee
Fuel supplier close to the house
Security of fuel supply

11,12,14
11,12,14
1,3,4,9
1,3,4,9,11
1,4
1
1
1
1,6,7,8
1,3,9,11
1
1
1,3,8
1
1
1,4,7
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Criterion / Sub-Criterion
Independence from conventional fuels
Fuel stability
Need for new installations
Need for new waterlines and power lines
Comfort and aesthetics
Functional reliability
Indoor air quality
Time and effort needed for operation/maintenance
System automation
Ease of use
Convenience or inconvenience of system
Appearance
Performance
Comfort
Ease of installation
Heating effectiveness
thermal comfort
Fuel storage
Safety
Responsiveness (time needed to reach desired
temperature)
Quality of living conditions
Quieter / Less noise
Demographic Information
Gender
Education
Educational level of HoH
Employment statues
Household income
occupation
HOH professional or executive job/Vocational class
Age of HoH
Household size
Presence of children in the house
Number of children
Retirement
Size of the local area population
Residence characteristics
size of the house
number of bedrooms
type of the dwelling
Age of construction

Study Ref. No.
1,7
1,7
7,8
7,8
1,7
1
1
1
1,6
1,3,6,9
1
1,6
1
1
1
1
1
1,5,6,11,13
1
1
5,11
1,2,3,4,5,6,9,11,13,14
2,5,6,9,11,12,13,14
1,2,4
2,3,9,13
1,2,3,4,9,11,12,14
2
4,5
1,3,4,9,11,13
1,4,11
1,4
1,4
4
4,6
1,4
1
1,3,4,9,14
1,3,4,9
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Criterion / Sub-Criterion
ownership
years living in the residence
infrastructure
renovations
retroﬁts for improving energy efﬁciency
Layout
Number of floors
Floor space
Spatial characteristics
region
area type (urban/rural)
climate
location has “green” areas
Identity
Energy Form
Solar
Wind Power (Onshore and offshore)
Geothermal
Hydropower
Biomass
Tidal
Wave
Ocean thermal energy
carbon capture and storage (CCS)
Technology Type
ground source heat pumps (GSHP)
Solar thermal technologies
Wind turbine
Fuel cells
Fuel cells for automotive
Solar photovoltaic
Biomass boiler
Pellet stoves

Study Ref. No.
1,4,12,13
1
1
1
1
4
4
4

Hydrogen Fuel is Considered

5,6,8,11,13

Fuel Cell is Considered

5,6,7,11,13

Residential Building Type is Considered
Data Collection Methodology
Survey - Questionnaire
Survey - CE estimates of WTP

1,2,3,4,9,12

1,2,3,4,9,12,14
1
1
1,8

2,3,4,8,9,14
2,3,8,9
1,2
2
2,8,9
2
2
2
8
1,9
3,4,8,9
3,9
7
11
9,14
9
9

1,2,3,4,5,9
9,12,13
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Criterion / Sub-Criterion
Survey - estimates of WTP The contingent valuation
method (CV)
Sampling Method
General public
Stratified random sample
Random distribution
random sample
Targeted sampling
stratified -new and existing buildings
Sample size
100-150
150-200
200-250
400-450
500-550
600-650
1250-1300
20325
Mode of Survey
Online / computer assisted
Paper-based
Mail survey
Face-to-face
Telephone Interview
Distribution Method
Electronic mailing lists
randomly distributed to households
Research ﬁrm administration
randomly in public spaces
telephone numbers generated randomly in Excel
Analysis Method
SPSS
logistic regression analysis
conditional logit and mixed logit models
Chi-square ( χ 2) test of independence
nonparametric Mann–Whitney U test
multinomial logit estimates
fixed-effects logit model

Study Ref. No.
11
2
3,9
1
5
11
12
14
12
1
13
2
5
3,9
4
2,9,14
1,3,14
4
11
12,13
2
1
3,9
5,11
13
1
1,11,13
3
1
1
9
12
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General

General

General

General

5

6

7

8

General

General

4

9

General
General
General

1
2
3

-

-

-

-

-

-

-

Reference in
Section Q. No.
-

Old

Will be good if you label
question numbers

Need to clarify the target
group

Use some photographs to
show the size and how the
system would look like

-

Nil

-

This will decrease the
response rate / Serious risk
to loose many participants Collect email addresses
How long this would
roughly take?
-

Length is fine
IT is user friendly
Everything is fine

Pilots' Notes

P5, P6, & P12

Pilot(s) Ref.

P9

P2 & P9 (target
group) & P13
(Private renter
adoption
issues)

P16 & P17
State this at the outset, in the introduction
section
P13 & P14
This will make the survey a bit longer.
Alternatively, the size of the energy system is
described in Q10 to choose the desired size
accordingly.
It is mentioned an Q10 that it is an applicance.
Therefore, the look seems to be clear as a 'box'
which is the shape of most electrical
appliances.
P13

Remarks

A new theme for the survey has
been selected from the album. It is
showing a house surrounded by a
green area. Other photos have
been added under section titles
Just to give a clue on the subject of the survey
A question is added to section-E
after Q33:
Which of the following applies to
you? Owner occupied / Tenant of
private landlord / Tenant of social
landlord / Other (specify)
therefore, owner/tenant question is added
According to Gary (2014), Question numbers
are irrelevant and they will make the
questionnaire more complicated to
respondents.
https://goo.gl/aLnT6C

Stop collecting email addresses
The questions will approximately
take 10-15 minutes to complete.

-

General comments

Modified

9.3.1

ID

Table 43 Analysis of Pilot Survey

9.3
Appendix (C) – Pilot Survey
Pilot Survey Results

* If necessary, the section numbers and questions in the pre-tested questionnaire version

were indicated.
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Clarify the meaning of
'Energy System'

crises' looks awkward

crises' looks awkward

-

1

2

General

Introducti
on

A

A

A

A

A
A

10

11

12

13

14

15

16
17

Climate change is human3 & 4 made is irrelevant
In option-3 'Should' deal
3 & 4 Add no one option (4)
Can participants
understand renewable
energy, energy efficiency
(P9) and national security
5 (P2&P14)?
5 Typo

*I don't know the answers
for some of the questions
* Always add a 'Don't know'
option

Pilots' Notes

Reference in
Section Q. No.

ID

national 'security'
insulation..etc

will' deal

To what extent do you
agree that the UK is
facing a climate change
'crisis'?
To what extent do you
agree that the UK is
facing an energy 'crisis'?

-

Old

national 'sustainability'
insulation, etc

To what extent do you agree that
the UK is facing a climate change
'problem'?
To what extent do you agree that
the UK is facing an energy
'Problem'?
Changed to:
We (individuals) have a duty to
take action on climate change
Should' deal
& Added 'no one option'

Specific comments

Likert scale questions are
standarised to 5 point scale with a
(Don't Know) option
Prefer not to say
An energy system is a set of
interconnected components that
serve to produce electricity and/or
heat to warm up a space. (e.g., gas
boiler, solar panels and windturbine)

General comments

Modified

P14
changed it to should deal with climate change
Renewable energy and energy efficiency
seems to be understood but participants can
always use the 'Don't know' option.
National security is explained in a more
popular term (sustainability)

P2, P9 & P14
P4

P9

P14
Explained in simple terms

Explained in simple terms

P14

P4, P9, P13 &
P14

Meaning of 'Energy System' is added to the
introduction section

Explained in simple terms

P2 & P14

Pilot(s) Ref.

* Q11, Q18-27, Q30, Q31, Q35-37
* Q38, Q40, Q41

Remarks
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-

13

C

C

22

23

15
19

10

C

21

C
C

9

B

20

24
25

Add 'I will not consider it'
option

6

B

19

-

Old

Yes/no answer is better
Likert scale
than a scale
Both are important. A scale
is better than multiple
multiple choice answer
choice answer
folowing
Typo

Remarks

following

-

-

P9

P4

P2 & P14

P14

P4, P9, P14

Pilot(s) Ref.

We need a specific answer to help in future
decision about incentive schemes

P14
P2, P4 & P9

We are assessing the importance of different
factors . However question 15 is more specific. P14

A new question is added after Q10

Roworded and Don't know option is added
In this question, we would like to know the
main driver only.

The description for sections B, C & D
Note: I'm assuming you are
referring to a hypothetical new
Meaning of 'New Energy System'
system that offers potential
is added in Section description
improvements.
I will not consider it' option is
added with the other.. specify
option

Specific comments

Modified

In your opinion, the main
* The main driver for who? driver for the adoption
individual, Governments, of a new energy system
is to save:
etc.
Energy/Money/Environm In your opinion, the main driver for
* All options seem to be
'you to adopt' a...
ent
important
The section description can help
now to better understand what we
are trying to get out of the
questions in this section
Question is not clear
Where would you prefer to install
your new energy system?
Inside my house
Outside my house
Add a question about the
other... specify
Nil
location of installation

Clarify the meaning of
'New Energy System'

-

Pilots' Notes

B&C

Reference in
Section Q. No.

18

ID
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D

27

Old

Add a wee bit more
information about it. How
31 big and safe is the fuel cell?
D
28
A suggestion to add
''neither agree or disagree'
Neutral item has been
In the Likert scale, the
used in many survey
Neutral Likert item is
examples therefore, not
used
29 A, B, C & D many modified.

D

Pilots' Notes

There is a need to consider
other factors such as
promotions and the
Government's
29 endorsement.
Fuel cell is mentioned in
29 & Q29 before introducing it in
31 Q31

Reference in
Section Q. No.

26

ID

A suggestion to add ''neither agree or disagree'
Neutral item has been used in many survey
P4
examples therefore, not modified.

Same

P14

P13

P13

Pilot(s) Ref.

There is no need to describe the size. This is
mentioned in Q10.

Those factors have been considered in other
questions
We are looking for attitudes. We are not
requiring respondents to necessarily have
accurate knowledge of new energy systems

Remarks

safe' is added to the description

Add 'Overall, ' before Q29

Specific comments

Modified

9.4
9.4.1

Appendix (D) – Issued Survey
Issued Survey Copy
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9.4.2

Survey Demographics

Figure 77 Public Survey Geographical Demographics
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9.5
9.5.1

Appendix (E) – Interviews with Professionals
Opening Email to Interviewees Template
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9.5.2

Interview Consent Form
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9.5.3

Interview Protocol

1. Introduction
•

Thank you: Thank you very much for agreeing to be interviewed on the issues
which concern the uptake of fuel cells energy systems.

•

Aim: The aim of this research is to gain a better understanding of the
complexities of the uptake of fuel cells energy systems in the builtenvironment in the UK.

•

Describe the benefits: The input from stakeholders would very much value the
future plans in decision making about the technology development and use.
This will also increase the focus on; the contemporary application of the
technology; the provision of related factors; how each factor can make a
positive difference and; how much progress still needs to be made.

•

Ethics: I want to assure that all information provided here will be treated with
confidence and confidentiality; all responses are anonymous and they are only
used for the purpose of this research; you are free to withdraw your
participation at any stage. Would you mind that our conversation be recorded?

2. Questions
A. General Information:
1.1. Could you tell me about your professional experience and background?
B. Technology Developments
1.2. How would you describe the current situation of the uptake of fuel cells
energy systems in the UK?
1.3. In many studies, it has been reported that cost is the primary challenge
incorporated with the uptake of fuel cells energy systems. What is your
organization doing to make sure that you are able to access enough funds for
the development and/or deployment of fuel cells energy systems?
1.4. What other challenges facing the uptake of fuel cells energy systems would
you add?
1.5. Fuel cells energy systems are still depending on natural gas. Despite of that,
in your opinion, what other advantages make the uptake of fuel cells energy
systems necessary?
316 | P a g e

1.6. What are the kinds of fuel cells energy systems configuration (stand alone
only or hybrid system) that have been considered by your organization for
the application of fuel cells energy systems?
C. Fuel Cells Performance
1.7. Please specify any demonstration or on-going projects utilizing fuel cells
energy systems inside the UK and for which sector (i.e. in commercial,
industrial, domestic or in large/small scale)?
1.8. In your opinion, what is the best sector in which fuel cells energy systems are
most effective?
1.9. How are you conveying the advantages of the systems to consumers?
1.10.

Can you provide any information in the future related to the general

performance and end-users’ satisfaction of your projects?
D. Moving Forward
1.11.

So far, how successful those executed/on-going projects are? (lessons

learnt)
1.12.

What are your plans to mitigate these challenges on future projects?

1.13.

Are fuel cells ready for the uptake? Please specify the % of maturity of

the following:
1.13.1.

Technical development (such as: reliability, efficiency, fuel and

convenience)
1.13.2.

Market

1.13.3.

Infra-structure

1.13.4.

People willingness

1.14.

Identify the actors who should force the market uptake of fuel cells energy

systems (new technologies in general) such as; Government, energy
companies, local councils, individuals (OR Give a rank for the following
actors)
E. Closing
•

We have come to the end of the conversation;

•

Do you have any other thing you would like to add to our discussion, or any
comments you would want to make?
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•

I also ask if you would be willing to continue participation through occasional
contact by email or telephone.

•

Would you recommend any contacts to for the purpose of this research?

•

I would like to thank you again for your time and for your contribution towards
the success of this research study. I will keep you updated if you would like
to.

•

If you have any questions or concerns about this study, please contact me at
the details provided in previous emails.
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9.5.4

Interviews Track
Table 44 Interviews Track

Participant Interviewee
ID
ID

Designation

How we met

Opening
Follow up Response
email sent

P-1

Chief Executive

All Energy 2015

8/9/2015

P-2

Senior Design Engineer

Got Business
card fromstall
at All Energy

8/9/2015

SHFCA-ETP
He was a
speaker

8/9/2015

P-3

I-1

P-4

P-5
P-6

Managing Director

Chief technology officer
(CTO)
I-2
I-3

Managing Director
Director of Business
Development

P-7

Marketing and PR
Manager

P-8
P-9

Development Director
Head of Engineering

P-10
P-11

I-4

P-12

Nigel
recommended

9/2/2015

9/3/2015

Nigel
recommended

9/2/2015

9/4/2015

Nigel
recommended

9/2/2015

Nigel
recommended

1/29/2016

SHFCA member

SHFCA member

1/29/2016
1/29/2016
1/29/2016

Vice President Strategic
Business Development
CCS
& Power
Consulting
Engineer

SHFCA member

1/29/2016

2/3/2016

47 mins

SHFCA member

1/29/2016

2/9/2016

35 mins

Market Manager, Heavyduty Fuel Cell Segment
Senior Project Manager

SHFCA member

1/29/2016

SHFCA member

1/29/2016

CEO
Director, Fuel Cell and
Stack Development
Business Director,
Stationary and Portable
Applications
Managing Director
Managing Director
Director of Business
Development
Chief Technical Officer

SHFCA member
SHFCA member

1/29/2016
1/30/2016 6/17/2016

SHFCA member

1/30/2016 6/17/2016

10/6/2016

45 mins

P-15

I-7

P-23
P-24

P-25
P-26
P-27

P-28
P-29
P-30
P-31

I-10

6/17/2016

8/18/2015

Principal Analyst / MicroCHP Research Manager
Director Green
Development Group
Director and General
Manager
Finance & Resources
Director
Director
Director
Managing Director

I-9

1/29/2016

8/17/2015

I-6

P-22

2/16/2016
37 mins
8/14/2015 12:06-12:39
33 mins

All-Energy

P-14

I-8

8/10/2015

8/17/2015

CEO

P-21

1/29/2016
8/9/2015

Napier Demo

I-5

P-18
P-19
P-20

met in
01/10/2015 017:00-18:30
NAHA
Notes only 1h 30mins
workshop

1/29/2016

Managing Director
Executive Board Member

P-13

P-17

Don't
follow

9/2/2015

8/9/2015

Interview
Duration

All Energy 2014
A
speaker+SHFCA
stall
Nigel

Renewables Manager

P-16

Got Business
card fromstall
at All Energy
2015
All Energy 2014
A speaker

Interview
Date

8/9/2015

9/25/2015

SHFCA member

30 mins

Don't
follow

8/25/2015 11:30-12:50
1h 20mins
9/8/2015
9:00-9:32
30 mins
9/10/2015 09:30-10:20
50mins

1/29/2016

C-tech no
longer
work in
this area

HWU project

SHFCA 8th
annual
conference

9/4/2016
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Figure 78 Text Coding Using Microsoft Word

9.5.5
Interviews Coding
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Table 45 Text Coding Using Microsoft Excel
Interviewee 2
ID

A
A.1
A.1.1
A.1.2

Criterion

Interview
Questions
Reference

Keywords

Quotes

Technology Development
The Current Situation of the uptake of fuel cell energy systems
Fuel Cells Uptake
Uptake is patchy
2.2 Patchy

A.1.3 not taken by the man on the street

2.2

A.1.4 needs a lot of convincing

2.2

It is not taken by the man
on the street
It is taking a lot of
convincing at the moment
that actually fuel-cells are
available here and can
provide you with a
financial benefit

2.2 Ready, Expensive

the fuel cell product is
ready and very able to go
almost off the shelf

Problematic,
2.2 Expensive

the fuel availability for
fuel cells is sometimes
problematic

Problematic,
Expensive,
2.4 Unavailable

Hydrogen isn't the
mainstream product for
most gas companies and
they have definitely not
promoted hydrogen
particularly for fuel cells. I
think because they aren't
necessarily convinced
that a fuel cell is a viable
proposition. Also, as I
mentioned because it is
problematic. So, I think
the inertia from the gas
companies and inertia
from the oil companies
has been a problem

A.1.2 Fuel Cells Energy Systems Technology Status
A.1.2.1Fuel Cell product is ready
A.1.4 Fuel Cells Energy Systems fuel Status

A.1.4.1Fuel cell fuel is problematic
A.2.2 Technological Challenges

A.2.2.1Fuel cell fuel is a significant problem
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9.6
9.6.1

Appendix (F) – Case Studies of End-Users
Case study Email Invitation Template
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9.6.2

Interview Consent Form - Case studies
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9.6.3

End-User (Owner) Interview Questions

A. General Information:
1.1. Could you tell me about your professional experience and background?
1.2. Please give a brief background about your organisation
1.3. Please give a brief background about this project (the case study): (Inputs)
1.3.1. The purpose of the initiative;
1.3.2. Budget;
1.3.3. Goal: If possible short and long-term vision;
1.3.4. Who were involved in this project? (identify stakeholders)
B. Fuel Cell Deployment (Activities)
1.4. What drove you to use fuel cells?
1.5. What is the source of fund?
1.6. Are you following a set of standards in this application? (contract/code)
1.7. Technical assistance: what equipment and material were used in this project?
C. Fuel Cells Performance
1.8. What were the challenges you and your organisation faced during this project?
1.9. What have you achieved so far compared to your set goals? (Awards/R&D
progress/prototype/more efficient designs) (Output)
1.10. Can you provide technical reports related to the performance and end-users’
satisfaction of your projects?
D. Moving Forward
1.11.

So far, how successful those executed/on-going projects are? (lessons learnt)

1.12.

What are your plans to mitigate these challenges on future projects?

1.13.

From this experience, do you think that fuel cells are ready for the uptake? Please

specify the % of maturity of the following:
1.13.1. Technical development (such as: reliability, efficiency, fuel and
convenience)
1.13.2. Market
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1.13.3. Infra-structure
1.13.4. People awareness
1.14.

Under what circumstances do you believe that fuel-cells will become a reality?

1.15.

Identify the actors who should force the uptake of micro-CHP fuel cells (new

technologies in general) such as; Government, energy companies, local councils,
individuals (OR Give a rank for the following actors)
1.16.

Under what sort of time scale do you see the most likely fuel cell uptake lie?
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9.6.4

End-User (Occupant) Survey
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9.7
9.7.1

Appendix (G)
Statistics Tables

Table 46 Contingency Table of Q40+41, Ref. Figure 49 Distribution of Sample by Age
Group and Gender
Count of Which age group are you in?
Row Labels
Female
Male
16 to 24
33
26
25 to 34
55
59
35 to 44
43
28
45 to 54
18
15
55 to 64
12
9
65 to 74
1
3
75 or older
Grand Total
162
140

Prefer not to say
1
3
1

1
6

Grand Total
60
117
72
33
21
4
1
308

Table 47 Contingency Table of Q42+43, Ref. Figure 50 Distribution of Sample by the
Highest Level of Education of the Participant (Outer Ring) and Head of Household
(Inner Ring)

Row Labels

Apprenticeship
Degree or a professional
qualification
High school or below
Higher degree
Prefer not to say
Grand Total

Count of What is
the highest level
of education of
the Head of
Household? (if
different)

Count of What is
the highest level
of education you
have completed?
4

3

96
34
164
10
308

101
30
147
27
308

Table 48 Contingency Table of Q1+2, Ref. Figure 51 The Extent of Agreement on
Climate Change and Energy Problems in the UK

Column Labels
Don't Know
Strongly agree
Agree
Neutral
Disagree
Strongly disagree
Total Sum

Relative Frequency
Climate Change Problems
Energy Problems
3%
9%
48%
27%
34%
35%
10%
20%
2%
6%
2%
2%
100%
100%
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