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Abstract 
The past decade has seen a rapid uptake of distributed, variable renewable energy (VRE) 

solutions by many end-users to meet their daily electricity requirements. Yet, many 

household consumers are unable to afford the high cost of these generating systems, like 

solar PV systems and batteries. The problem is particularly acute in developing regions, 

such as Sub-Saharan Africa (SSA), where approximately 592 million (more than half of 

the total population) live without access to electricity. To address this challenge, this 

thesis studies the use of automated negotiations as a local peer-to-peer (P2P) electricity 

trading mechanism to improve the accessibility and affordability of electricity in weak 

grid and off-grid regions.  

The research stems from the need to utilise available local renewable energy sources 

(RES) and innovative market structures to improve electricity access in weak and off-grid 

settings. It thus studies how the surplus electricity generation from off-grid solar PV 

systems (as installed in Nigeria, the most populous electricity-deficit country in the 

world) can be utilised to improve and increase access to electricity. To achieve this, we 

propose the design of a novel automated negotiation framework for use in such local P2P 

electricity markets. This includes the design of an ‘Alternating Offers’ automated 

negotiation framework for a fully decentralised P2P electricity market, as well as the 

design of an automated negotiation framework for a centralised community-based P2P 

electricity market utilising Nash bargaining solution and the Egalitarian social welfare 

function. It also includes a study of the appropriate multi-agent systems models (i.e., 

pieces of software that can automatically negotiate the buying and selling of electricity in 

micro-transactions on behalf of their human owners).  

With a simulated daily minimum surplus PV generation of 2 MWh/day to a maximum 

surplus of 31 MWh/day for the Nigerian cities of Abuja and Kano, 20 MWh/day for 

Lagos, and 15 MWh/day for Port Harcourt, this research shows how this surplus 

unutilised PV generation can potentially power 10,000 – 155,000 Tier-2 households or 

2,000 – 31,00 Tier-3 households, daily. This is an estimated annual 3,500 – 30,000 Mt of 

CO2 emission savings if utilised instead of fossil-fuel generation. Our proposed 

frameworks also show that with an estimated annual revenue of approximately $250 – 

$2,550 depending on the size of the installed system, the prosumer peers would be able 

to maximise the utility from their installed systems and reduce their payback period. 

Likewise, the consumer peers would have access to more sustainable, reliable, and 

affordable electricity.  
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Chapter 1. Introduction 

This thesis investigates the use of state-of-the-art techniques in automated 

negotiation/multi-agent systems and distributed AI as a local peer-to-peer (P2P) 

electricity trading mechanism to improve electricity accessibility and affordability in 

weak grid and off-grid settings. The starting point of our work is that, given the proliferate 

use of variable renewable energy (VRE) solutions by many end-users to meet their daily 

electricity requirements, the benefits of these installed systems could be shared with other 

consumers who are unable to afford the high cost of this generating system, especially 

off-grid solar PV systems. It is envisaged that this would result in improved gains for the 

participating peers and the community as a whole, as access to electricity would be 

improved. Given this setting, it is expected that the prosumer peers would be able to 

maximise the utility from the installed systems and reduce their payback period. In 

contrast, the consumer peers would have access to more sustainable, reliable, and 

affordable electricity for their daily demand.  

The first part of this thesis begins by studying and evaluating the surplus electricity 

generation from the installed off-grid PV systems. It then focuses on the design of the 

appropriate automated negotiations framework for use in such local P2P electricity 

markets. This includes a study of the appropriate agent modelling required to accurately 

reflect the preferences of each negotiating peer, as well as their respective market 

objectives. It also investigates how this trading mechanism can be used to incentivise and 

implement demand-side flexibility such as load shifting. The second part of the thesis 

focuses on the effects of the automated negotiations framework when used in different 

types of P2P electricity trade. This includes its use and impact in a fully decentralised 

P2P bilateral electricity trading and a community-based P2P electricity trading. Finally, 

the thesis studies the criteria that will be required to assess off-grid participants seeking 

entry into these types of electricity markets. 

1.1. Research Motivation 

This section presents the background and motivation underpinning this research work 

which revolves mainly around the need to improve electricity access in developing 

regions like Sub-Sahara Africa (SSA) utilising the available local renewable energy 

sources (RES) and improved market structures.  



2 
 

1.1.1. Electricity access in developing countries  

In the world today, electricity is the second-largest vector of the total final consumption 

(TFC) of energy, with a third of this electricity used by the residential sector [1]. This is 

because of its integral role in all facets of human life and society at large. It has been 

credited with driving economic, industrial, innovative, and infrastructural development 

over the years. This includes the development of sustainable cities and communities and 

the provision of decent work opportunities for all. For instance, despite the global covid-

19 pandemic and lockdowns experienced in 2020, about 60% of the 181,000 people 

directly employed in the energy industry of the United Kingdom worked in the electricity 

sector. The sector also contributed 56% of the total gross value added (GVA) by the 

energy industry to the country’s economy (GDP), while accounting for 66% of the £15 

billion investment in the industry in the same year [3].  

Such is the relevance of this form of energy that the United Nations in its blueprint for 

peace and prosperity for all people and the planet, set as its 7th sustainable development 

goal (SDG): access to affordable, reliable, sustainable, and modern energy for all people 

by the year 2030 [4]. This is because electricity enables the delivery of quality education 

and aids the reduction of inequalities, especially gender inequalities. It supports access to 

clean water and sanitation, promotes good health and general wellbeing, and plays a vital 

role in helping to end poverty and hunger, especially in developing regions of the world 

[5]. Hence, the availability or lack of electricity in any country can easily be deduced 

from the country’s human development index (HDI). This is a measure of the average 

achievement in three key dimensions of human development which are: a long and 

healthy life promoted by access to quality healthcare and social amenities, quality of 

learning and education received, and a decent standard of living [6]. 

Such is the indispensability and versatility of electricity in the world today that one may 

erroneously conclude that every person on the planet had access to it. However, about 

733 million people live without access to electricity, with 77 percent of this population 

living in Sub-Saharan Africa (SSA) [7]. With the population of the Sub-Saharan Africa 

region given as 1.107 billion people [8], this equates to approximately 568 million people 

living without access to electricity, which is more than half of the population in the region 

[9]. The situation is also likely to exacerbate due to the (electrification) setbacks 

encountered by the Covid-19 pandemic [10]. To further illustrate this electricity access 

imbalance is the World Bank map in Figure 1.1 which shows the electrification status of 
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all countries in the world [2]. The map clearly shows the SSA region as having the highest 

cluster of countries without adequate access to electricity.   

 

Figure 1.1: World map showing the percentage of the population with access to electricity [2]  

This is in addition to the region having the largest number of people (431 million) living 

in extreme poverty. Food insecurity in the region is also staggering with more than half 

of the population (an estimated 600 million) experiencing hunger and malnourishment 

daily. This is a result of demand not being at par with food production from agricultural 

activities and the lack of modern technological equipment to assist with the farming, 

production, and processing cycle [11].  The region also has the highest under-five 

mortality rate in the world at 76 deaths per 1,000 live births, and the highest number of 

children learning poorly as illustrated in Figure 1.2.  In most of these countries, the HDI 

is less than or equal to 0.6 and the average electricity consumption per capita ranges from 

as little as 0.2 – 0.9 kWh/capita daily [1, 12, 13]. These statistics show that adequate 

access to electricity is a key enabler of socio-economic development. It also begets the 

need to define access to electricity and investigate the factors militating against access to 

electricity in the region.  
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Figure 1.2: Learning poverty index of different world regions [12] 

Access to electricity has been defined variously as a household having an electric bulb 

installed in the house, having an electrical connection to the grid, or the existence of an 

electric pole in a village or community [14].  However, these definitions failed to take 

into cognizance the quantity and quality of the available electricity as there have been 

many instances where connected households receive electricity at very low voltages, for 

limited hours or during odd hours of the day (or night), and with poor reliability [14, 15]. 

To address this, the International Energy Agency (IEA) recently described access to 

electricity as having two vectors [16]. The first (vector) which is the initial access 

involves/entails a household having access to just enough electricity to power a basic 

bundle of energy services. This includes charging a phone, playing a (small) 

radio, lighting several lightbulbs, and possibly operating a fan or television. As seen 

in Table 1.1, this initial access is akin to Tiers 1 and 2 of the World Bank Multi-Tier 

Framework (MTF) for household electricity access with minimum electricity 

consumption of 12Wh/day and 0.2kWh/day, respectively [14]. Using a combination of 

energy attributes, the MTF provides the minimum requirements for measuring 

residential access to electricity across six tiers (0 – 5) of access with each tier further 

defined by the class of power appliances utilised. 

The second vector of electricity access entails a household having adequate electricity 

supply to power a small refrigerator, a mobile phone charger, a fan operating up to 6 hours 
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per day, a television operating 4 hours per day, and four lightbulbs operating five hours 

per day. Such a household is said to have gained reasonable access to electricity, with the 

supply coming from either the main grid, a micro-grid, or a stand-alone renewable system 

having sufficient capacity to deliver the required electricity [16, 17]. This type of 

(electricity) access is further described as being akin to the annual electricity consumption 

of approximately 1,250 kWh per household (typical of a Tier-4 household) if using 

standard appliances, or 420 kWh if using energy-efficient appliances, also typical of a 

Tier-3 household. Hence given this differentiation in electricity access, more than half of 

the Sub-Saharan African population lacks initial access to electricity. 

Table 1.1: The World Bank electricity consumer classification [14] 

Multi-tier Matrix for Measuring Access to Household Electricity Supply 
Consumption Description Tier 1 Tier 2 Tier 3 Tier 4 Tier 5 

Peak 
Capacity 

Power 
capacity 

ratings (in W 
or  

daily Wh) 

Min 3W Min 50W Min 
200W Min 800W Min 2kW 

Min 12Wh Min 200Wh Min 
1kWh 

Min 3.43 
kWh 

Min 8.2 
kWh 

Or 
Services 

The 
lighting of 

1000 
lumen-hour 

per day 

Electric 
lights, air 

circulation, 
TV, and 
phone 

charging are 
possible 

   

Duration 

Hours per day Min 4hrs Min 4hrs Min 8hrs Min 16hrs Min 
23hrs 

Hours per 
evening Min 1hr Min 2hrs Min 3hrs Min 4hrs Min 4hrs 

 

Affordability of use is also another metric used in describing access to electricity [14]. 

This refers to a household’s ability to pay for the electricity required for consumption and 

often involves a complex interaction between the quantity of electricity consumed, the 

price of the electricity, and the consumers’ ability to pay for the electricity. This is not 

just a willingness to pay for electricity consumption but having the financial 

capacity/ability to pay for the required electricity. Affordability is often a function of the 

income level of the consumer household, as well as the expenditure priorities. This is 

because spending on electricity consumption also depends on the size of the household, 

spending preferences, energy efficiency of appliances, and levels of electricity tariffs 

available. Thus, a household may be willing to pay for the electricity it requires but given 
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its limited financial resources and the need to prioritise other essential needs like food 

[11], such a household may not be able to procure the electricity it requires. However, 

household income in itself is often very difficult to ascertain given the high 

unemployment rates in many of the SSA countries as well as the high poverty rate [12, 

13]. Consequently, access to electricity can also be described as a household’s ability to 

expend less than 5% of its income on basic annual electricity consumption of 365kWh, 

equivalent to 1kWh daily [14].  

 However, the paradox of the situation, especially in Sub-Saharan Africa, is the 

availability of significant natural energy resources in the region. From large fossil-fuel 

reserves comprising coal, oil, and natural gas, accounting for over 40 percent of the global 

gas discoveries between 2011 and 2018, to renewable energy resources like bioenergy, 

hydropower, wind power, geothermal, and solar energy, the region has sufficient 

resources to meet its energy needs. This is also in addition to other energy resources like 

70 percent of the global platinum stores, two-thirds of global cobalt production, 

chromium, and manganese [18]. All of these indicate the region’s potential for low-cost 

clean energy technologies but there has been a very limited utilisation of these resources 

with only 50 GW of renewable energy capacity installed wherein 36 GW is large 

hydropower generation [19].  

In many of the SSA countries, the existing power infrastructures follow the traditional 

power system architecture shown in Figure 1.3. This comprises large power plants 

situated long distances away from the public and utilising large hydropower generation 

as well as fossil-fuel generation. These fossil fuels comprising coal [20, 21], oil, and 

natural gas have also been shown to adversely impact the earth’s ozone layer, wherein 

contributing to climate change concerns and required to be discontinued. The generated 

electricity is then transmitted long distances via a complex network of transmission lines 

– also known as the transmission network and at high voltages (HV) of up to 400 kV. The 

distribution network consists of the various step-down transformers and lines required to 

deliver the electricity to the end-users. It connects to the transmission network at 

substations where the supplied electricity voltage is reduced from high voltage to medium 

voltage. This is then distributed to local substations close to the premises/facilities of the 

end-users where the electricity is further stepped down and delivered to the end-user at 

low voltages ranging from 120 – 230 V single-phase.  
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Figure 1.3:  Electric power system architecture 

Given the traditional structure of the electric power grid, some of the major factors 

responsible for the lack of electricity access in the region include untapped energy 

resources, irregular fuel supply to thermal generating plants, weak grid infrastructure in 

need of extensive reinforcement and upgrade resulting in high transmission losses of more 

than 16 percent, and persistent power outages. Other major contributory factors include 

illegal connections to the distribution grid resulting in revenue loss for utilities, as well as 

uncertainties surrounding fiscal and regulatory frameworks in many of the countries [15]. 

The lack of adequate private sector investment in power infrastructure also plays a key 

role, as government budget and development finance have not been sufficient to fund the 

large capital investments required. As a result, power infrastructure investments have 

declined over the past years, as evidenced in Figure 1.4, with the resultant lack of 

electricity significantly hindering economic development in the region [5, 18].  

Many households, small businesses, and community services resort to the use of 

expensive alternative solutions like gasoline or diesel generators to meet their essential 

electricity needs [22-24]. This is despite the observed inefficiencies of the generators and 

their hazardous effect on the environment as well as people, even leading to deaths in 

some instances [25-29]. With the average GDP per capita in the region being less than 

USD 1 [8], the use of these fossil-fuel generators places a huge financial burden on 

businesses and households. Businesses notably small and medium-scale ones find it very 

difficult to operate and expand because of the high cost of running and maintaining these 

generators [22]. This often results in reduced job opportunities, high unemployment rates, 
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and increasingly high poverty rates. This adverse effect on the economy can easily be 

observed when comparing the GDP and the per capita electricity consumption of the 

seven largest economies of the world [30] with that of the nine most electricity-deficit 

countries in Sub-Saharan Africa [17]; as shown in Table 1.1. This clearly illustrates the 

interdependent relationship between the quantity of electricity available to the residents 

of a country and the resultant economic growth and development of that country [31]. 

 

 

Figure 1.4: Power Infrastructure investment in Sub-Saharan Africa [18]  

 
 

 
 

 

G7  
Energy  

Quantity GDP  SSA  
Energy  

Quantity GDP 
Pop. without  

access  
Countries  (kWh/capita) (billion 2015 USD) Countries  (kWh/capita)  (billion 2015 USD) (million) 
Canada 15,438          1,654.6                Nigeria 157                500                       85                 
France 7,141            2,567.6                D.R. Congo 103                43                         68                 

Germany 6,848            3,575.4                Ethiopia 83                  83                         60                 
Italy 5,220            1,906.5                Tanzania 109                57                         36                 

Japan 8,010            4,522.6                Mozambique 462                18                         20                 
United Kingdom 4,906            3,082.0                Nigeria 72                  9                          18                 

United States 13,098          19,517.3              Angola 338                111                       17                 
Sudan 283                103                       17                 
Kenya 108                76                         13                 

Table 1.2: Electricity consumption per capita and GDP comparison [1] 
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While the electrification access rate remained relatively low in most parts of SSA, other 

developing regions like Latin America, Caribbeans, and Eastern and South-eastern Asia 

exceeded 98% electricity access in 2018. For example, in Central and Southern Asia, 

more than 92% of the population had access to electricity in the same year [17].  These 

remarkably high electricity access rates resulted from large financial investments, which 

allowed the deployment of strong electricity infrastructures in these regions.  A case in 

point is the Southern Asian Republic of India, which went from 43% electricity access in 

2003 to a 99% electricity access rate in 2018 [17], although more than half of its electricity 

generation comes from coal.  This growth in electricity access has also been one of its 

main factors for economic development, as characterized by the growth in the country’s 

GDP shown in Figure 1.5a.  

Similarly, East Africa also presents a beacon of hope for the rest of SSA as therein situates 

three strong performing countries in terms of electricity access rate.  These are Kenya, 

Rwanda, and Ethiopia. Notable amongst the three is the country of Kenya, with an 

electrification access rate of 25% in 2013 to 75% in 2018 [18].  And similar to the case 

of India, this increase in electricity access rate correlates with the country's GDP growth, 

as shown in 1.5b. This improvement is attributable to a combination of factors that include 

a strong grid connection expansion, continuous support by the government for 

decentralised renewable energy systems, the adoption of international standards, and the 

development of a mature mobile phone payment infrastructure, which enabled innovative 

business models and payment mechanisms to emerge [32].  These factors allowed the 

country to increase grid connections by almost one million households per year. They 

also provided more than 700,000 households access to electricity in 2018 through 

decentralised renewable energy generation like solar PV microgrids and solar-home 

systems [17, 18].  

Notwithstanding the progress in Kenya, 15 million people in the country still lack access 

to electricity [7]. Kenya and fifteen other SSA countries account for eighty-one percent 

(81%) of the total SSA population without electricity access. They also represent sixty-

three percent (63%) of the global population without electricity access. These sixteen 

countries, together with four non-African countries, as shown in Figure 1.6, have been 

identified and labelled as the 20 top impact countries [7]. This is because these twenty 

countries constitute 76 percent (558 million people) of the total global population needing 

electricity access. This also means that concentrating research and electrification efforts 

in these top twenty countries will yield high impact and results towards achieving the 
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United Nations SDG 7 of universal electricity access by 2030 [4]. Of these twenty top 

impact countries, Nigeria topped the list with an electricity-deficit population of over 92 

million people, 28 percent more than the second country on the list [7].  
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Like most Sub-Saharan African countries, Nigeria is confronted with the technical issues 

of inadequate electricity generation capacity, aging grid infrastructure requiring extensive 

investment and reinforcement, and the limited network coverage of the existing 

infrastructure translating into numerous power cuts known to last for several days [15, 

33, 34]. This lack of adequate electricity supply, together with the existing supply 

framework (which will be reviewed more closely in Chapter 2), has adversely hampered 

economic growth and development in the country [35-38].  The obvious solution would 

be to invest in large-scale generation and grid reinforcement assets. However, given the 

huge financial investments required and the country’s large landmass characterized by 

unique difficult-to-navigate terrains and hundreds of uninhabited kilometres of land, this 

solution becomes very challenging and economically unviable – both in the short and 

medium terms. [15].  

 

Figure 1.6: The twenty most electricity-deficit countries in the world adapted from [7] 

Subsequently, many end-users (in the country/region) address this lack of electricity 

access using different available solutions. These include the use of pico-PV systems [39], 

off-grid solar PV systems [40-42], and fossil-fuel generators sometimes incorporated with 

battery energy storage systems (BESS), with the off-grid solar PV systems becoming 

increasingly popular. However, the most widespread solution remains fossil-fuel 

generators because of their initial low procurement cost, especially when compared to 

off-grid solar PV systems [22-24]. These generators are not only very expensive to run 
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and maintain, they also pollute the environment and impinge on the health and safety of 

the populace, with many deaths registered from their emissions of toxic particles [26-28, 

43]. These emissions also contribute significantly to the country’s greenhouse gases 

(GHG) emissions making the country one of the largest GHG emitters/polluters in the 

region [44]. Given this and the apparent economic underdevelopment, high poverty rate, 

and high unemployment rates in Nigeria and most of the other electricity-deficit countries 

in the region, it is necessary to offer (indigenous) adaptive solutions utilising available 

local energy sources to provide reliable and affordable access to electricity. These include 

solutions supporting accelerated economic development and improving social/general 

welfare. One of such solutions consists of the use of available renewable energy sources. 

1.1.2. Renewable energy utilisation in developing countries 

For most of human history, renewable energy has been the only energy option available, 

from solar energy providing the heat for suitable habitats on earth as well as the high-

quality energy needed to grow food to the use of fuelwood for fires, to wind energy 

propelling sailing ships and windmills [45]. However, the development of the steam 

engine soon gave way to the exploitation of fossil fuels like coal and later crude oil, with 

the discovery of large and much cheaper oil reserves in the Middle East. This marked the 

start of the industrial revolution, but not without repercussions. First, the energy crisis 

resulting from the 1973/74 oil embargo revealed the vulnerability and high energy 

insecurity of the developed western world on imported fossil fuels [46, 47]. Then came 

to light the debilitating effects of fossil fuels on the environment, particularly the ozone 

layer, wherein the burning of fuels released greenhouse gases (GHG) into the atmosphere, 

causing climate change [48]. These events sparked renewed interest in renewable energy 

research as this energy is sustainable and environmentally friendly and locally available 

and flexible, not requiring imports.  

Further catalysing countries into renewed actions and commitments was the signing of 

the Paris Agreement by 196 Parties (countries) in 2015. The parties pledged to actively 

work to limit global warming to pre-industrial levels of 1.5 degrees Celsius [49]. This 

was different from the defunct 1997 Kyoto Protocol, ratified in 2005, which committed 

only industrialised countries and economies in transition to limit and reduce greenhouse 

gases (GHG) emissions in accordance with agreed individual targets [50]. Instead, the 

Paris Agreement required all parties to work to reduce their carbon emissions and 

footprints and subsequently increase the adoption and utilisation of renewable energy 
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resources (RES) [49]. This resulted in policies being implemented towards increasing the 

share of renewable energy sources, especially in the electricity supply, with the research 

focus being on readily available wind and solar energy. In addition to the policies shown 

in Table1.3, fiscal measures like direct tax reliefs for RE generation or consumption and 

financial support such as reimbursable equity investments or venture capital provisions 

by governmental institutions for renewable projects [51-54], were also implemented. 

Table 1.3: Policies incentivising RE utilisation 

  RE Policies Function 

I Carbon pricing policy 

To reduce greenhouse gas (GHG) emissions by imposing 

via an emissions tax or emissions trading scheme, a price 

per unit of emission, thereby indirectly incentivising 

polluters to internalise external costs into their decisions 

[55]. 

II Feed-in-Tariff (FIT) 
A priority dispatch to eligible RE generation with a long-

term perspective and guaranteed prices [56]. 

III 
Feed-in-Premium 

(FIP) 

Guaranteed premiums are paid in addition to the market 

price of the RE electricity generated [57]. 

IV Tenders 

Often used with other policy types with potential 

investors competing to win the opportunity to develop a 

RE project [57]. 

V Quota obligations 

Also known as Renewable Portfolio Standards (RPS) 

with tradeable green certificates where producers or 

suppliers of electricity are obliged to have a specific 

share of renewables in their generation portfolio [57].  

VI Investment Grants 

Non-refundable financial support granted by 

governmental institutions to investors in RE projects 

[51]. 

 

These policies have been largely successful as a recent International Renewable Energy 

Agency (IRENA) Report gives the globally installed RE capacity for 2020 as 

approximately 2,802 GW [58]. As shown in Figure 1.7, this installed RE capacity 

comprises mainly hydropower – with the largest share of 1,211.7 GW being the most 

matured technology, followed by wind and solar energy at 732.4 GW and 716.2 GW, 

respectively. Asia and Europe lead the transformation with about 1,290 GW and 609 GW 
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installed respectively, followed by North America with 420.7 GW of installed capacity. 

Respectively, this is 46%, 22%, and 15% share of the total RE capacity installed. While 

Africa, Central America and the Caribbean, Eurasia, the Middle East, Oceania, and South 

America have 2%, 1%, 4%, 1%, 2%, and 8% share, respectively (Figure 1.8) [58].  

 

Figure 1.7: Global installed generation capacity of renewable energy sources (RES)  

 

 

Figure 1.8: Global installed RE generation capacity by world regions  
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It is also important to note that the remarkable RE contributions observed in Asia were 

majorly a result of the RE investments made by China, in line with their Renewable 

Energy Law (RELAP) [59]. In 2020 alone, China added 136 GW of RE generation 

capacity, bringing its total installed RE capacity to 894.8 GW making its total installed 

RE capacity 32% of the global installed capacity, 69% of the RE capacity in Asia, and 

40% of its total installed generation capacity [58, 60]. Nevertheless, more must be done 

to combat climate change and greenhouse gas (GHG) emissions in China, with annual 

CO2 emissions of 9,571 Mt [1] (as well as other mega-cities of the world), as a recent 

study showed that 25 mega-cities of the world accounted for 52% of the global GHG 

emissions [61]. Similarly, as observed in Asia, electricity generation utilising renewable 

energy sources is viewed as the enabling technology that will expedite or accelerate the 

electrification process in the electricity deficit region of Sub-Saharan Africa [17, 62, 63].  

At the heart of this electrification process in Sub-Saharan Africa are solar energy systems 

with a total installed capacity of 10.6 GW, of which 90% (9.55 GW) are solar PV systems 

and the remaining 10% (1.05GW) are solar CSP systems. And this is notwithstanding the 

installed hydro and wind capacities of 37 GW and 6.5 GW, respectively [58]. Moreover, 

in 2020, solar PV systems were the most deployed RE technology in the world, with 

approximately 234 MW of additional capacity installed worldwide [58]. This was due to 

its declining costs and modular technology, making it very versatile for various 

applications and easy deployment, and this was 18% more than the forecasted capacity 

for the year [58, 64, 65].  This is despite the setbacks experienced globally due to the 

Covid-19 pandemic. So while the deployment of solar PV systems stalled slightly in many 

developed countries partly in response to the phaseout of policies like FITs, its uptake is 

forecasted to double in Sub-Saharan Africa [64]. This is because solar PV technology 

easily aligns with the region's electrification efforts, given its unique modular 

characteristics that enable its application even in very small quantities at a time. More so, 

its inherent flexibility whether connected to the main grid or paired with a battery energy 

storage system (BESS), makes it most suited to drive the electrification process in the 

region.  

These small-scale solar PV installations comprising mainly off-grid solar home systems 

(SHS) and off-grid mini-grids – like the one shown in  Figure 1.9 – have a huge potential 

of reaching the population living without access to the power grid. For example, in 2018, 

more than 35 million people gained Tier 1+ electricity service access through off-grid 

solar standalone home systems or renewable-based mini-grids [10]. However, many end-
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users in the region cannot afford the initial high capital investment required to procure 

these off-grid PV systems. In contrast, those with installed systems generate unutilised 

surplus electricity as the stand-alone PV systems are often oversized to ensure system 

reliability [66]. If the flexibility from these unutilised surplus PV-generated electricity is 

made available to other peers in the community who lack access to electricity, it will not 

only alleviate the problem of electricity access in the community but will further increase 

the utility of the installed off-grid PV systems. Thus, off-grid PV systems will be 

particularly useful in bridging the electricity-access gap in this region, especially in the 

rural areas where approximately 80 percent of the SSA population without access to 

electricity reside [17]. Nevertheless, the need for an innovative market structure and a 

trading mechanism where this flexibility from unutilised surplus PV electricity can be 

traded will be required to facilitate its use by others. This is in addition to having the 

proper ICT infrastructure (like user apps and payment methods) and education to take 

advantage of such an innovative market structure. 

 

Figure 1.9: 100kW Mini-grid in Budo Are community, Nigeria [67] 

1.1.3. Electricity market design 

Markets are conventionally described as where traders of goods and services meet and 

engage with prospective customers but more precisely and as a matter of commercial 

practice, economists typically define markets with regard to a product, service, or 

geographical location. Thus, any product or service that is distinguishable from other 

products or services will ordinarily constitute a relevant product or service market. This 
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does not preclude purchasers from viewing other products or services as reasonably (if 

not perfectly) interchangeable with regards to price, quality, and use. On the contrary, a 

location-based or geographic market will constitute the total sales of a product or service 

in any commercially significant section of the country, provided firms engaged in selling 

the product make significant sales of the product to purchasers within the region [68]. 

Thus, “[A]ny grouping of sales (or other commercial transactions) in which each of the 

firms whose sales are included enjoys some [significant though not necessarily great] 

advantage in competing with those firms whose sales are not included” are said to 

constitute a market [68].   

In light of this, an electricity market constitutes such a relevant product or service market. 

It is also a type of location-based market as most electricity markets are geographically 

bound covering a specific designated geographical area. Such a market is required 

because, despite its indispensability, versatility, and role in our world today as an essential 

form of energy, electricity is also an economic commodity that needs to be traded in some 

form of market structure. It is traded due to the need to derive profit from investments 

considering the high costs involved in getting electricity to the end-users. These high costs 

are mainly borne by the players in the industry: generators who produce the electricity, 

the transmission networks transferring the generated electricity safely across long 

distances, and the distribution networks required to connect customers to the transmission 

system. However, these total costs are passed down to the end-users who consume the 

electricity. 

Historically, the bulk of electricity consumed has been provided through a centralized, 

interconnected electricity network often spanning very long distances, and connecting 

large generating units often located near major energy sources, to a myriad of end-users 

who are customers of the different distributing companies, as seen in Figure 1.3. This 

resulted in economists categorizing the supply of electricity as a natural monopoly [69]. 

To protect the populace from the exploitation of a monopolistic market structure where a 

firm with monopoly market power can inordinately hike the price of a good or service, 

many states and national governments took ownership and control of their electricity 

supply [70, 71]. The natural monopolies became state-owned or government-owned 

entities with all the different services (generation, transmission, distribution, metering, 

and system operations) bundled up in a vertically integrated market structure, as shown 

in Figure 1.10. This structure was necessary because various governments recognised the 

fundamental role of electricity in the socio-economic development of any nation. Thus, 
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governments undertook the financing, development, synchronisation, and operations of 

the electricity system, with the major objective being the efficient running and supply of 

electricity to the populace at a reasonable and affordable rate [72].  

 

Figure 1.10: Schematic of the vertically integrated, state-owned electricity monopoly 

In the 1980s and 1990s, widespread public criticism of the performance of state-owned 

entities, combined with criticism of the effectiveness of monopoly price regulation, as 

well as renewed interest in reliance on competition, led to a wave of regulatory reforms 

that had far-reaching consequences for the organisation and operation of traditional 

“public utility” sectors, like electricity [73]. There was a common concern that state-

owned vertically integrated electricity supply companies had become inefficient, over-

manned, unproductive, and unresponsive to customer expectations. In many developed 

countries, this led to electricity (market) reforms which were viewed as a way of 

improving efficiency in the sector, shifting more investment risk away from consumers 

onto investors, and making the industry more adaptable to the introduction of new 

generation technologies like renewable energy technologies (RET) [69, 74]. These 

reforms included deregulation and unbundling of many of the state-owned monopolies 

into either government-owned enterprises or outright privatisation. It also included the 

formation of competitive markets, especially for the generation and retail sectors viewed 

as having the most competitive potential [74-76]. An example of such competitive market 

reform included the single buyer model where a single entity or firm undertakes the 
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functions of all the other units in the electricity supply chain (excluding generation) and 

purchases electricity from different competing generators, at the lowest possible price 

[77, 78]. This is often the transitional model between the vertically integrated monopolies 

and the more competitive wholesale market. 

The wholesale market model represents an electricity market established to ensure 

efficient investment and dispatch of generation resources. In this market structure, the 

activities of the different supply units are split into distinct autonomous entities operating 

as commercial business companies. These are the generating companies (GenCos), 

transmission network companies who often double as the transmission system operator 

(TSO), and the distribution companies (DisCos). However, the distribution network is 

split into local load-serving monopolies undertaking the bundled activities of procuring, 

distributing, monitoring, and retailing electricity to customers in a local area. Dispensing 

with the single buyer, these DisCos directly procure electricity from the established 

wholesale electricity market for their customers [77, 79]. This type of electricity market 

model often takes the form of a power pool where all those exchanging power (generating 

plants and distribution networks typically) are mandated by the market operator to 

participate. And the wholesale electricity price is determined by the dynamic forces of 

supply and demand, wherein the generating plants are dispatched via an economic merit 

order [80].   

The market can also take the form of a power exchange in which generating plants and 

loads (often represented by the various distribution networks), participate voluntarily and 

engage in bilateral negotiations and contracts which enable them to exchange power 

before its effective delivery date. This is often done to safeguard against future 

uncertainties in the pool price and supply of electricity that they have little or no control 

over. More recently, given the increasing penetration of VRES in the power system, 

another type of wholesale electricity market called the flexibility market is being 

implemented. These markets enable network operators to take advantage of the flexibility 

benefits of the embedded VRE generation to balance system operations [81, 82]. 

Notwithstanding, the wholesale electricity market structure/model does not necessarily 

translate to satisfactory service delivery for the end-user. The lack of competition in the 

last-mile distribution segment often inhibits optimum performance, with the 

consumer/end-user strictly limited in its choice of electricity supplier. Hence, the need for 

a fully liberalised market structure. 
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The fully liberalised market model is one in which all the activities of the electricity 

supply industry – including transmission and distribution — are performed by distinct 

entities. This also includes the introduction of competition in the retail segment of the 

market where a business may establish itself as an energy retailer and procure electricity 

from any generator and sell on to end-users [83]. In this type of electricity market 

structure, the end-users are provided with a choice of electricity suppliers to purchase 

their electricity from, while the distribution networks are strictly the network providers 

who own their various distribution network infrastructures.  Thus, the distribution 

companies are responsible for the development and maintenance of the distribution 

infrastructure to safely distribute electricity from grid supply points to the point of 

delivery to consumers or eligible customers. They do not operate as the natural retail 

monopolies responsible for metering and billing end-use customers as seen in the 

wholesale electricity market. Instead, they are required to set up a retailer supply business 

to participate in the competitive electricity retailing market, if interested in retailing to 

customers.   

Similar to the wholesale electricity market, this type of electricity market structure also 

requires detailed pricing arrangements, as well as access to the use of both the 

transmission and distribution networks. However, the retail market’s reliance on the 

wholesale electricity market still hinders end-users from maximising the gains of such 

competition as the costs of procuring and transmitting the electricity must be factored into 

the tariff paid by end-users. Given the increasing number of VRES embedded within the 

distribution networks, a local electricity flexibility market design where retailers and even 

DNOs could procure their electricity supply is required.  While many developed countries 

have implemented the electricity market reforms discussed above, many developing 

countries in Sub-Saharan Africa are yet to implement these market reforms, which are 

necessary for implementing the much-needed efficiency in the sector.  

In many of these Sub-Saharan African countries, the electricity sector is still operated as 

a state-owned monopoly often characterised by unusually low electricity tariffs that are 

not commensurate with the much-needed investment required for the efficient running of 

the sector. Often, the tariff rates of these underperforming state-owned utilities are highly 

subsidised by the government. This and other fiscal policies like high taxes and VAT pose 

a major challenge to the introduction of electricity market reforms and privatisation of 

the utilities [84, 85]. Another major challenge is the need for a regulatory agency whose 

role is to protect energy consumers especially vulnerable people while enabling the 
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competition and innovation needed to drive down electricity prices. Also, the need for a 

rural electrification agency responsible for promoting and increasing electricity access to 

unserved and underserved rural areas through power grid extension and implementation 

of renewable energy projects is another major challenge to electricity market reforms in 

the region. 

Nonetheless, many of these SSA countries recognised the need for change and have begun 

the process of introducing much-needed reforms in the sector. These include unbundling 

the state-owned vertically integrated structure and transitioning into the single buyer 

market model. The single buyer serves as the trusted market intermediary between the 

unbundled DisCos and the different independent/unbundled GenCos. Rural electrification 

agencies have also been created to ensure the provision of electricity to underserved 

regions beyond the grid using new generation technologies like off-grid solar PV systems 

and mini-grids. However, a fully liberalised market structure enabling the creation of 

competitive local electricity markets (LEMs) where end-users can participate in P2P 

electricity trading should facilitate and improve access to electricity, as seen in the case 

of the Brooklyn microgrid project [86]. This is becoming more and more apparent 

considering the high unprecedented uptake of renewable energy solutions for off-grid 

electricity generation by end-users in the region. 

Many end-users in the SSA region are increasingly adopting off-grid RE generation 

(notably off-grid solar PV systems) to provide their daily electricity requirements. This 

ranges from off-grid solar PV micro-grids to individual generating systems utilising solar 

PV technology and BESS. For example, in Nigeria, 679,785 electricity connections have 

been made through off-grid SHSs, and 11,235 connections have been made using islanded 

solar mini-grid as reported by the Nigerian Rural Electrification Agency [87]. However, 

many cannot afford the initial high cost of procuring an off-grid solar PV system. Thus, 

a liberalised electricity market structure with local electricity trading, where the gains of 

local generation assets that utilise available renewable energy sources can be shared or 

traded, may prove immensely beneficial to all. In addition, such a market could also serve 

to sensitise consumers on sustainability and the hazardous effects of GHG emissions, 

whereby end-users, especially consumers, can become directly involved in reducing GHG 

emissions. 

The local electricity market could also serve to sensitise, encourage, and elicit energy-

efficiency behaviours from participants as ultimately, the energy saved is the energy not 

used. This market could potentially be leveraged on to further drive and implement other 



22 
 

aspects of the United Nations Sustainable Development Goal (SDG) 7. This includes 

doubling the global rate of improvement in energy efficiency and substantially increasing 

the share of renewable energy (solutions) in the global energy mix [4].  Hence, it is 

envisaged that a localised electricity market enabling P2P electricity trading could greatly 

improve the Sub-Saharan African region's electricity access. This is because peers with 

generating systems can easily trade their surplus unutilised electricity with others in the 

network/community [86, 88-91]. Thus, this market can also provide access to affordable, 

reliable, and modern energy that is also sustainable, coming from renewable energy 

sources, if designed and implemented correctly. However, this will require an efficient 

trading mechanism like automated negotiations to incentivise prosumer participation and 

improve the social welfare of all peers participating in such a market.   

1.1.4. Automated negotiations  

Given the uniqueness of electricity markets where there is a constant need to ensure the 

delicate balance between supply and demand, electricity market participants are 

constantly acting to protect, preserve, and enhance their individual interests [78]. This is 

easily observed as a series of strategic activities carried out by the players such as 

generators and suppliers hedging against any speculation or uncertainty in the market by 

entering into bilateral contracts with each other for every half hour of every day, and 

sometimes years in advance [92]. Given this interplay of self-seeking strategic activities, 

it is not surprising that conflicting and competing actions (sometimes leading to disputes) 

arise from time to time, even amongst players with mutually beneficial interests. This 

often necessitates the need for an independent non-vested 3rd party (like the UK electricity 

market operator Elexon) to balance and settle the conflict. While some types of conflicts 

like competition among firms or competition for business advancement can generate 

incentives that help the system/economy/market work more efficiently, it is nonetheless 

important to help conflicting parties reach a mutually satisfactory compromise or 

agreement, especially parties with mutually benefitting interests.  

Considering this and the liberalisation of the electricity market, open and transparent 

electronic market platforms that provide a level-playing field for all participating players 

have been proposed with some trialed, especially in the market for flexibility services. 

These trading platforms enable all the technologies and services trading on the platform, 

to do so competitively; thus, providing significant benefits to the providers of flexibility 

services, irrespective of their capacity or location. On the part of the participating utilities, 
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network providers, as well as system operators, these innovative digital solutions present 

a cost-effective, non-wire alternative (NWA) or solution (NWS) to the otherwise cash-

intensive option of wired/physical network infrastructure upgrades [93]. More so, when 

implemented along with innovative and disruptive technologies like the distributed ledger 

technology – Blockchain – these electronic trading platforms or non-wire solutions help 

ensure standardization of data, simplification of search, enhanced visibility, and 

transparent commercial terms that will unlock the potential of providers lacking the 

resources for bilateral contract negotiations [93, 94]. With the use of the decentralised 

trustless blockchain technology, these digital trading platforms also help to prevent 

conflicts between trading agents. However, they often do not enable the negotiations of 

electricity products and services, where participants can negotiate and achieve mutually-

satisfactory outcomes/contracts. 

Negotiation in its simplest form can be defined as “a formal discussion between people 

(who are) trying to reach an agreement” [95]; a strategic discussion that resolves an issue 

in a way that all parties find acceptable with each party attempting to persuade the other 

party/parties to agree with their respective point of view [96]. Consequently, all involved 

parties try to avoid conflict or arguing but work to reach some form of compromise using 

this medium of resolving conflicts and competing interests. However, despite being 

ubiquitous and one of the most amicable ways of resolving conflicts, a lot of people are 

unskilled at negotiating [97]. This is because given the number of issues to be resolved in 

some cases, the negotiation space, as well as the process, can be very large and too 

complex to navigate easily, optimally, and successfully. In many instances, disputes are 

either not settled amicably wherein all parties suffer (pain and loss) or they are settled 

inefficiently wherein the outcomes agreed upon are not mutually satisfactory to all.  

Given the limitations with human negotiations and negotiators, computers, and 

specialized computer software programs (also known as autonomous trading agents) have 

been utilized to negotiate on behalf of humans. This type of negotiation termed automated 

negotiation utilizes the fast-processing speed of computing technology to rapidly explore 

the vast space of potential outcomes, which sometimes can consist of millions of possible 

solutions. Thousands of bids can easily be sent back and forth within fractions of a second 

and machine learning can also be utilized to better understand the preferences of the other 

party [98]. Thus, automated negotiation is a particular type of interaction in which a group 

of agents with conflicting interests but keen to cooperate, choose to work together to reach 

an agreement that is acceptable by all parties in the process [99].  
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Stemming from the work of early adopters in the 1980s and fueled by the promise of 

automated agents being able to negotiate on behalf of human negotiators and finding 

better outcomes [100], automated negotiations utilise artificial intelligence (AI) and the 

multi-agent systems (MAS) technology. This is a computerized system of multiple 

software agents that intelligently and autonomously interact with each other, wherein the 

bargaining process is automated between intelligent agents instead of humans [101, 102]. 

Agents here refer to the computer programs carrying out negotiations on behalf of human 

owners or principals [103]. They have been defined as encapsulated computer systems 

situated in some environment and capable of flexible, autonomous action in that 

environment to meet their design objectives [104]. Thus, when presented with a set of 

goals and tasks, these autonomous software agents will aim to maximally satisfy the 

interests of their owners.  

In the field of electronic commerce and electronic trading platforms, these agents should 

be able to autonomously negotiate with other agents about issues of price, and other 

relevant aspects of a product or service, such as delivery time, quality, quantity, and 

payments methods [105]. Similarly, in a complex dynamic setting like that of the local 

electricity market platform, these multiple self-interested autonomous agents are expected 

to perform complex negotiations on behalf of their households. It is therefore very 

important that these agents be properly modelled to accurately represent the preferences 

and objectives of their human principals. More so, an important challenge would be to 

find effective bargaining strategies that will be used by the agents, while determining the 

set of market rules that will achieve the best results of affordable and sustainable access 

to electricity, especially for energy communities in sub-Saharan Africa. These are the 

main issues addressed in this thesis. In this next section, a thorough discussion of the 

specific research objectives and contributions of the research work carried out in this 

thesis is presented.  

1.2. Research Objectives and Contributions 

The main objective of this thesis is to develop and explore the use of state-of-the-art 

techniques in automated negotiation/multi-agent systems and distributed AI to improve 

the gains of electricity consumers in weak and off-grid settings characterised by poor or 

non-existent grid supply, and that of prosumers having surplus unutilised VRE 

generation. More specifically, it seeks to investigate the research question: 
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“Can electricity accessibility and affordability in weak and off-grid regions (like 

Sub-Saharan Africa) be improved by maximising the gains from installed solar 

PV systems if traded on a local P2P electricity market utilising automated agent 

negotiations?” 

To achieve this, the specific goals contributing towards this main broader objective are 

summarised below. 

• To provide a comprehensive review of some of the pertinent topics related to the 

research area. This includes a review of the Nigerian Electricity Supply Industry 

(NESI) to determine the challenges militating against total electricity access in the 

country. It also includes the review of local electricity markets (LEM) and peer-to-

peer (P2P) electricity trading, their drivers and enablers, and a detailed description of 

the peers in this market. The review further aims to present a detailed analysis and a 

comparison of the different trading mechanisms utilised in this type of trading. 

Finally, this thesis also aims to review the utilisation of renewable energy in 

electricity-deficit regions like SSA, especially the design and sizing of off-grid solar 

PV systems, given the pivotal role off-grid solar PV systems are playing in driving 

the electrification process in the region.  

• Next, it aims to provide a novel framework for automated P2P electricity negotiations 

where software agents representing the (consumer and prosumer) peers in the 

community/network can bargain with one another for the available surplus electricity 

generation.  

• It also aims to demonstrate how the utilisation of automated negotiations as a P2P 

trading mechanism can improve the electricity accessibility and affordability of off-

grid consumers, simultaneously maximizing the prosumers’ utility from the 

generating assets.  

• Finally, this thesis aims to provide a framework for assessing the trading capacity of 

off-grid prosumers and consumers keen to gain entry and participate in such local P2P 

electricity markets, especially in electricity-deficit regions like SSA. 

Given these objectives, the specific contributions of this thesis are summarised as follows: 

I. This thesis provides a novel proof-of-concept framework for an off-grid local 

electricity market utilising P2P automated agent negotiation in weak or off-grid 
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settings. This includes the design of the issues to be negotiated by the peers in the 

market, the different negotiation agents, the negotiation protocol, and an 

assessment framework for the agreed outcomes. Thus, a framework that will make 

the surplus unutilised electricity generated by the prosumers’ RE generating assets 

economically accessible and acceptable to peers who require it. 

II. This thesis also provides a novel modelling and classification of market-based 

P2P negotiating agents developed for optimal decision-making by respective 

prosumer and consumer agents engaging in automated P2P electricity 

negotiations. This novel modelling of negotiation agents models the different 

(energy) behaviours often observed with peers in any community. It not only 

captures the distinct market objective of each agent but also captures and 

highlights the importance of issues flexibility, thus, providing the agents the 

opportunity to be flexible with their requirements. 

III. This thesis further presents a novel framework for a fully decentralised bilateral 

P2P automated agent negotiations of electricity where the negotiating agents 

utilised different heuristics strategies to achieve their negotiation outcomes. The 

framework facilitates the decentralised automated negotiations of electricity 

quantities, unit price, and consumption period by the agents representing the 

prosumers and consumers, for both a cloudy-day case and a sunny-day case. 

IV. It also presents a novel automated negotiations framework for a centralised 

community-based P2P electricity trading setting. Utilising the same prosumer and 

consumer agent models, the framework utilises the Nash bargaining solutions and 

the Egalitarian social welfare function to determine most mutually-satisfying 

negotiation outcome for both the Seller and Buyer agents. These bargaining 

solutions resolve the community-based negotiations by considering and 

evaluating the combined utilities of both agents. 

V. Lastly, this thesis presents a novel framework that evaluates the potential trading 

capacity of off-grid prosumers and consumer seeking participation in the local 

P2P electricity market. The framework specifically identifies and analyses four 

key market-entry criteria for the assessment of off-grid solar PV prosumers 

seeking entry into the local P2P electricity market. These include the daily self-

consumption based on installed battery depth-of-discharge, the trading potential 

determined by simulating the surplus PV generation and inverter size, the 
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minimum offer price of the surplus electricity, and the potential CO2 savings 

contributions of the off-grid PV system. 

In summary, this thesis builds on the existing state of the art by presenting a novel P2P 

electricity market model and testbed with a trading mechanism akin to physical markets 

in rural (sub-Saharan African and Indian) communities, where the electricity quantities, 

prices, and consumption period can be electronically ‘haggled’ by negotiating agents; 

thereby giving the end-users a more active role in the market. It shows that off-grid 

prosumers can be incentivised to participate in a local P2P electricity market, provided 

the proper trading assessment framework and trading mechanisms are utilised. It also 

shows that given the high uptake of renewable energy generation in these regions often 

oversized, P2P electricity trading has the potential to improve and increase access to 

affordable and sustainable electricity in regions in need. The following section presents 

the outline of the thesis. 

1.3. Thesis Scope and Outline 

In the first chapter of this thesis, an introduction to the topic of the thesis and the 

motivation for the research work is presented. This includes the lack of access to 

electricity in many developing countries (especially in the Sub-Saharan Africa region) 

and the ongoing energy transitions in the region wherein renewable energy technologies 

are being utilised to drive the electrification process. The chapter also includes 

discussions on the role of electricity market reforms in facilitating and improving the 

quality of electricity service provided as seen/observed in many developed countries. The 

background research carried out highlights the need for similar market reforms in these 

developing countries. And the reforms most especially needed include ones that facilitate 

the creation of competitive local electricity markets where participants can engage in 

(P2P) electricity trading (as) it is envisaged that this will immensely facilitate and improve 

access to electricity. The chapter also introduces the concept of automated negotiations 

with it being the underlying methodology of the core research area of this work. Also 

presented in detail are the aims and objectives of this research, as well as a summary of 

the novelty and main contributions of the research work done. 

The second chapter of this thesis presents the relevant literature reviews of the concepts 

of local electricity markets (LEM), peer-to-peer (P2P) electricity trading between peers 

in a network or community, the different trading mechanisms used in this type of trade, 
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and automated negotiations. It also presents an overview of the renewable energy 

utilisation in electricity-deficit regions like SSA and a review of the sizing methodologies 

used in the design off-grid solar PV systems with this being the most commonly used 

renewable energy technology/solution in the region. The chapter also includes a review 

of the Nigerian electricity supply industry where it highlights the major issues militating 

against access to electricity in the country, thereby making it the country with the most 

electricity-deficit populace. 

Chapter 3 presents the automated negotiation framework for the local peer-to-peer (P2P) 

trading of electricity, especially for use in weak or off-grid regions. It presents the 

framework for a feasible and cost-effective trading mechanism that will make the surplus 

(and) unutilised electricity generated by the prosumers’ generating assets, economically 

accessible and acceptable to peers who require it. The chapter also presents the framework 

for the individual preference elicitation from the different peers participating in the 

negotiations, as well as the modelling of the agents representing the different peers. The 

chapter also presents the modelling of the different negotiation strategies that can be 

utilised by agents in such P2P negotiations. 

Chapter 4 presents the framework for a fully decentralised bilateral P2P automated 

negotiations where market-based agent models representing prosumers and consumers in 

the network bargain over discrete quantities of issues such as the unit price of the 

electricity and the electricity quantities needed. Negotiation results are presented for both 

a cloudy day case and a sunny-day case being that the surplus electricity available on both 

days differs. 

Chapter 5 further presents the framework for a community-based P2P electricity trading 

utilising automated negotiations. Utilising the same prosumer and consumer agent models 

and modelling the bargaining problem as a cooperative game, the chapter presents the use 

of axiomatic game theory solutions like the Nash Bargaining solution and the Egalitarian 

social welfare function to achieve fairness in such P2P trades. 

Chapter 6 presents a novel framework for identifying and analysing the trading capacity 

of off-grid prosumers and consumers seeking entry into the local electricity market to 

participate in P2P electricity trading. It identifies four key market-entry criteria for off-

grid prosumers seeking to trade in the market. 
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Chapter 7 is the concluding chapter of this thesis where key findings of the work are 

further summarised and the directions for future work are also discussed in this chapter. 

Additional material and data used in this thesis are shown in the Appendix. 
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Chapter 2. Background and Literature Review 

This chapter expounds on the most relevant and significant research pertinent to the scope 

of this thesis and as found in the literature. Starting with an overview of the Nigerian 

electricity supply industry (NESI) – being the world’s most populous electricity-deficit 

country [17] – the chapter reviews and highlights the challenges militating against the 

access to adequate electricity in the country. Next, the pivotal role of off-grid solar PV 

systems in driving the electrification process in electricity-deficit regions like sub-

Saharan Africa (SSA) is presented. This is along with a review of the different sizing 

methodologies used both in practice and in the literature, for the design of off-grid PV 

systems. The chapter also presents a review of the concept of P2P electricity trading and 

local electricity markets, together with the different trading mechanisms utilized for this 

novel type of electricity trading, and a review of the P2P trading of electricity in off-grid 

settings. Furthermore, a review of the concept of agent automated negotiations is also 

presented. This includes a description of its methodology, principles, trading mechanism, 

and a review of some of its applications, especially in the context of P2P 

exchanges/interactions. 

2.1. Overview of The Nigerian Electricity Supply 

Industry (NESI) 

The advent of electricity in this SSA country dates to 1886 with the installation of the 

first generating power plant. However, the electricity supply industry can be said to have 

formally started in 1929 when the first electric utility company began operations. 

Thereafter, lots of individual generating units were commissioned and operated by the 

different regional municipal and local native authorities till 1950, when the Electricity 

Corporation of Nigeria (ECN) was formed. The ECN was formed to integrate the rapidly 

expanding electric power industry and make it more effective. This brought the electricity 

department and all power undertakings in the country under the reins of one state-

controlled body, operating as a vertically integrated utility company. The Niger Dam 

Authority (NDA) was later created in 1962 as an independent unit to develop the 

hydropower potentials of the country [15]. A (government) merger of ECN and NDA in 

1972 resulted in the creation of the National Electric Power Authority (NEPA), charged 

with the statutory function of developing and maintaining an efficient, well-coordinated, 

and economical system of electricity supply throughout the country. 
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NEPA had the full monopoly of all commercial electricity activities in the country until 

1999 when its privatization process began with reforms introduced in the sector, having 

failed to perform its statutory function of quality and reliable electricity supply to the 

populace. Subsequently, the passing of the Electric Power Sector Reform (EPSR) Act in 

2005 marked the formal deregulation/privatization of the Nigerian electricity industry 

with the establishment of an independent regulatory body charged to undertake technical 

and economic regulation of the NESI [106]. The Nigerian Electricity Regulatory 

Commission (NERC) amongst other functions, approves and licenses industry operators, 

determines operating codes and standards, establishes customer rights and obligations, 

and sets cost-reflective industry tariffs [107].  

The ESPRA 2005 also marked the formal unbundling of the vertically integrated 

monopoly into 16 distinct companies vis-à-vis 6 generation companies, 1 transmission 

company, and 11 regional distribution companies. The Nigerian Bulk Electricity Trading 

Plc (NBET) was later established in 2010 as a credible off-taker/single buyer of electric 

power from generation companies [108]. This transitioned the vertically integrated power 

system with no competition into a single buyer market model as shown in Figure 2.1, 

wherein the 6 generation companies and 11 distribution companies were fully privatized 

in 2013 with the Federal Government retaining ownership of the transmission company. 

 

Figure 2.1: Transitional (single buyer) market trading arrangement for Nigeria [108] 

 
2.1.1. Generation 

Presently there are ninety-six (96) generating companies (GenCos) licensed to generate 

and supply a total of 36,361.8 MW of electricity to the national grid for dispatch, with 
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this being the total installed capacity when all generating units are installed and 

synchronized together [109]. These generators enter into a contractual agreement with the 

transmission company (TCN) for connection, evacuation, and wheeling of the electricity 

generated to the national grid. They also sign long-term power purchase agreements 

(PPA) with the Single buyer who purchases all the electricity generated. However, the 

actual state of the grid as reported by the System Operator reveals an installed grid-tied 

capacity of 13,014 MW with available capacity given as 7,652.6 MW. The all-time peak 

generation ever achieved is also reported as 5,801 MW, with the maximum daily 

electricity ever generated by the grid given as 119,471.15 MWh [110].  

There is also 406 MW of licensed embedded generation, also known as distributed 

generation (DG) [109]. These are power generation plants embedded and directly 

connected to the distribution networks.  These generators negotiate and contract PPAs 

with existing distribution networks or with a licensed independent electricity distribution 

provider, which enables them to generate and evacuate electricity through the assets of 

the distribution companies (DisCos). This type of generation enables the DisCos to meet 

their customers’ demands without the need for contractual agreements with either the 

Single Buyer (NBET) or the transmission company (TCN). This eliminates the 

transmission cost component of the tariff, making the electricity more affordable for end-

users. It also provides the opportunity for investors, communities, local, and state 

governments to generate and sell power without going through the transmission grid 

[111].  

Given the obvious lack of sufficient electricity generation in the country, many of the 

large manufacturing companies meet their electricity demand utilizing off-grid self-

generation. This type of generation also referred to as captive generation by the regulator, 

requires a regulatory permit when installing more than 1 MW of generating capacity. 

Utilizing natural gas for fuel, this off-grid self-generation enables the different 

manufacturing companies to meet their electricity needs affordably and more reliably, 

without the reliance on the main power grid. Aside from a few manufacturers who self-

generate and feed the surplus into the grid, a total of 456.92 MW off-grid generating units 

have been installed at various manufacturing sites in the country [109]. Thus, with an 

estimated population of 200 million people [112] and a daily average generation of 

90,758.29MWh as reported by the system operator [110], Nigeria has an approximate per 

capita electricity generation of  0.45 kWh/day. However, considering that 85 million 

people are yet to gain access to electricity [17], this is the equivalent of approximately 
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0.8 kWh of per capita electricity consumption daily, which is still not sufficient for 

meaningful impact and productive use.  This clearly shows the need for extensive and 

innovative electricity generation to improve the electrification access rate of the country. 

2.1.2. Transmission 

Following the unbundling and privatization of the vertically integrated, state-owned 

monopoly power system, the Transmission Company of Nigeria (TCN) manages the 

electricity transmission network in the country. It is the product of the merger between 

the transmission and system operations units of the defunct (state-owned) power system. 

It is a fully owned government entity but under private management and responsible for 

evacuating the electricity generated by the GenCos and wheeling the same to DisCos. It 

thus provides the vital transmission infrastructure required between the GenCos and the 

Feeder Sub-stations of the DisCos. With a wheeling capacity of 8,100 MW over 20,000 

km of radially connected transmission lines [110], the TCN provides open access 

transmission services and oversees the development and maintenance of the physical 

transmission infrastructure. It is responsible for grid expansion to new areas and the 

national inter-connected transmission system of substations and power lines.  

As the system operator (SO) of the national grid, the TCN manages the flow of electricity 

throughout the power system and maintains the technical stability of the grid via its 

dispatch planning and control operations. It ensures the reliability of the transmission grid 

lines by coordinating the economic dispatch of generating units, the efficient control of 

the grid frequency and voltage, the procurement and management of ancillary services, 

and all planned outages for the maintenance of system equipment. It also serves as the 

market operator (MO) responsible for implementing, administering, and enforcing the 

rules of the electricity market. It certifies and promotes efficiency in the market by 

ensuring that market participants comply with the market rules and grid code. It 

administers the commercial metering system by ensuring that each trading point has 

adequate metering systems in place. As SO, it also administers the market settlement and 

payment system including that of the ancillary services.  

However, the transmission network requires extensive grid reinforcement and upgrade 

that is reliant on large investments. This is necessitated given the available wheeling 

capacity of 8,100 MW, which is a fraction (62%) of the installed capacity and only 5% 

more than the available generation capacity. This shows that the wheeling capacity of the 

present transmission network cannot adequately transmit the required electricity for 
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productive use and socio-economic development. Moreover, the radial topology of the 

network built with no line redundancies further creates inherent reliability issues. The 

transmission losses across the network are also relatively high, at approximately 15% in 

2018 [44], as is the frequency of total grid failure.  All these reflect the critical 

infrastructure and operational challenges in the transmission sub-sector of the industry. 

2.1.3. Distribution 

The eleven regional distribution companies (DisCos) distribute electricity from grid 

supply points to the point of delivery to consumers or eligible customers. Now privatised, 

these were all part of the vertically integrated structure and responsible for the metering, 

billing, and supply of electricity to their various regional customers. The DisCos own 

their various distribution network infrastructures and are responsible for the development 

and maintenance of the distribution infrastructure. They are also responsible for 

expanding their network to areas in their region where the end-users are yet to be 

connected. At present, they procure electricity from the Single buyer and other DGs 

embedded within the network and supply the same to their customers, wherein they 

generate revenue by metering and billing the end-user for payment. They also lease areas 

within their regional coverage that are yet to be connected to independent electricity 

distribution networks (IEDN), who connect the end-users and provide the distribution 

service at a fee. These IEDNs can also be permitted to distribute electricity in rural areas 

that are at least 20 km away from the nearest existing 11kV line, utilising off-grid 

generation as well. The major challenges facing the DisCos include the inefficient 

metering, billing, and non-payment of the electricity consumed by end-users. This 

includes the lack of financial investments required to upgrade the distribution system 

infrastructure. 

2.1.4. Renewable Energy Utilisation 

In its Nationally Determined Contributions (NDC) submitted to the United Nations 

Framework Convention on Climate Change (UNFCCC), the Federal Government of 

Nigeria (FGN) declared its ambition to reduce its GHG emissions by 47% by 2030. To 

achieve this, the FG recognizes the role of renewable energy utilisation in the nation’s 

energy mix and the need for the nationwide adoption of energy-efficient practices like the 

use of energy-efficient tools and appliances. It also aims to achieve zero gas flaring and 

eliminate the use of diesel and gasoline generators by 2030. Moreover, located between 

the Tropics at latitudes 4° – 14° North of the equator, the country has vast renewable 

energy potential that includes an estimated hydropower potential of 14,120 MW 
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amounting to more than 50,800 GWh [113], and a rich solar PV potential of 

approximately 3.2 kWh/kWp in the coastal southern region to 4.8 kWh/kWp in the 

northern regions, as shown in Figure 2.2.  

Utilising this in its GHG mitigation measures, the FG aims to have 30% of the installed 

on-grid generation capacity come from renewable energy resources (RES). Precise targets 

of 12 GW of additional large hydro, 3.5 GW of small hydro, 6.5 GW of grid-tied solar 

PV plants, and 3.2 GW of wind generation are stated in the NDIC [44]. This is a 600% 

increment to the current installed on-grid RE capacity of 1.93 GW large hydro and 39 

MW small hydro. Also, a total of 1.52 GW of generating permits for on-grid solar PV 

generation has been issued by the industry regulator (NERC), but this generation is yet to 

be developed and implemented by the permit holders [109]. 

 

Figure 2.2: Nigeria Solar Resource Map – PV power potential [114] 

Also, given the capacity constraints of the existing grid infrastructure, the FGN 

recognized the role of RE utilization in providing off-grid access to electricity, especially 

in regions beyond the grid, and aims to increase off-grid RE generation by 13 GW. This 

is an additional RE capacity of 5.3 GW mini-grid installations, 2.7 GW SHSs and 
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streetlights, and 5 GW of captive self-generation. This is an estimated 41,600 – 62,400 

MWh of off-grid PV generation given the country’s given PV output potential [114], 

which is a boost to the current grid generation and electricity access drive if properly 

optimized to maximise generation. Currently, the Rural Electrification Agency (REA) – 

the government agency charged with “the mandate to promote and increase access to 

electric power to unserved and underserved rural communities across Nigeria, through 

the extension of the national grid and renewable energy projects” [115] – reports a total 

SHSs installed capacity of 9,580 kW and a total solar mini-grid installed capacity of 855 

kW [87]. Consequently, solar PV technology is the most widely deployed and utilised 

RES for off-grid electrification in the country. Given the country’s solar PV output 

potential, this is an estimated daily PV yield of approximately 31 – 46 MWh generated 

from the installed SHSs, and an estimated daily PV yield of about 3 – 4 MWh generated 

from the mini-grids, assuming proper design and installation of the off-grid solar PV 

systems.  

Thus, RE utilisation especially solar PV systems play a key role in improving and 

increasing access to electricity as the solar PV systems can easily be deployed (anywhere) 

in small units, with its added benefits of being more cost-effective in the medium to long 

run, and reduction of GHG emitted from the alternative petrol or gasoline generators. It 

is therefore important that these off-grid solar PV systems are properly sized to maximise 

PV generation, especially when given the uncertainties surrounding the loads to be 

powered by the off-grid system and the duration. However, the major challenges 

militating against the widespread adoption of RE utilization in the country include the 

initial high cost of procuring the generating system, considering that there are no fiscal 

policies, grants, or loans to incentivize or support end-users. Also, the lack of standard 

design optimisation tools to aid the efficient sizing of RE systems like off-grid solar PV 

systems is a further challenge, especially when the daily electricity demand is uncertain.  

Likewise, the lack of component standardization and the lack of skilled personnel that are 

adequately trained to design and install RE systems are some of the major challenges 

impeding RE utilization in Nigeria. 

2.2. Off-grid Solar PV Systems  

Off-grid PV systems convert solar energy into electrical energy using PV modules. This 

PV-generated electricity is then typically stored in batteries for on-demand supply during 

periods of low/no resource availability [116]. In other off-grid locations where potable 

water is unavailable and desperately needed, off-grid PV electricity is used to pump water 
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from a borehole water system during periods of solar resource availability into a water 

storage tank for later use [117-119]. Off-grid PV systems also consist of solar charge 

controllers and inverters. The charge controller protects the battery bank by regulating its 

PV array charging. It prevents overcharging of the batteries and also prevents the 

backflow of current from the batteries to the PV array. There are different types of solar 

charge controllers but the one most frequently used because of its improved efficiency is 

the maximum power point tracking charge controller (MPPT).  

The MPPT charge controller maximizes the yield of the PV array under a wide variety of 

field conditions, by allowing the PV array to operate at a maximum power point higher 

than the battery bank voltage [116]. It also manages the maximum current from the array, 

as solar panels can for short periods produce up to twenty percent (20%) more power than 

their maximum power rating under strong irradiance. The off-grid inverter converts the 

PV-generated electricity stored in the battery into the alternating current used by most 

household appliances, while the hybrid inverter model converts ac electricity to dc 

electricity and vice-versa. This hybrid inverter type can also be used in conjunction with 

a diesel or gasoline generator to charge the batteries when available solar irradiation is 

insufficient. Figure 2.3 shows the schematic of a typical off-grid solar PV system where 

𝐸𝐸ℎℎ𝑖𝑖
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the electrical yield of the PV array; 𝐸𝐸ℎℎ𝑖𝑖 is electricity supplied to the load, 𝐸𝐸𝐵𝐵𝐵𝐵𝑖𝑖

𝐶𝐶ℎ𝑔𝑔 

is the electricity being stored in the battery via charging, and 𝐸𝐸𝐵𝐵𝐵𝐵𝑖𝑖
𝐷𝐷ℎ𝑔𝑔 is the on-demand 

electricity discharged from the batteries.  

 

Figure 2.3: The schematic of an off-grid solar PV system 
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Off-grid PV systems are also uniquely different from grid-tied PV systems. In the latter, 

the grid absorbs any unutilised generation until it is required by the household, thus 

providing a form of storage for the PV-generated electricity. With off-grid PV systems 

having no alternative source of power supply as found in grid-tied systems, the systems 

must be appropriately sized to ensure optimal performance. Accurate sizing ensures the 

autonomous reliability of on-demand electricity supply to the loads being powered as well 

as a cost-effective system. This begins with the consumption profile of the end-user being 

ascertained as accurately as possible. But in comparison to developed economies with 

supporting infrastructures like telecommunications and advanced metering infrastructure 

like smart meters (SMs), such high visibility and granularity in data are not available for 

accurate forecasting in developing regions with poor electricity access like Sub-Saharan 

Africa. Thus, in the following section, we review the different methods used in the sizing 

of off-grid solar PV systems.  

2.2.1   A review of sizing methodologies 

In their comprehensive review on the sizing methodologies of off-grid solar PV systems, 

the authors in [120] stated that determining the appropriate evaluation criteria for the 

design of an off-grid PV system is one of the crucial requirements for obtaining optimum 

PV design. These evaluation criteria broadly divided into three categories – economic, 

technical, and socio-political – are used to evaluate and estimate the availability and 

feasibility of a standalone PV system which can help designers in developing a suitable 

system for a given application [120]. Technical parameters such as loss of power supply 

probability and loss of load probability majorly evaluate the system’s probability to 

produce electricity. While economic parameters like net present value (NPV) evaluate the 

system’s ability to supply (at minimum capital and operational costs), the load demand at 

a defined and acceptable level of security. However, these methods are often too generic 

and do not capture realistic scenarios like high inflation rates that exceed the discount 

rates for Nigeria and other electricity-deficit countries in SSA. 

Within recent literature and reflected in industrial practice, it is common to use both 

quantitative data (where available) like end-user electricity consumption data [121] and 

qualitative information like surveys and interviews to inform demand profile estimates 

[122]. However, the challenge in both instances includes the lack of suitable or available 

data for some communities while qualitative information can be prone to human error and 

assumptions. Hence, some researchers have created different statistical approaches to size 

the components of the solar PV system.  The authors in [123] presented a stochastic 
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mathematical procedure implemented in MATLAB, which formulates load profiles for 

rural areas in developing countries – a useful procedure that supports electrification 

studies in off-grid communities. But as shown by [124], when designing off-grid solar 

PV systems for single end-users, forecasting the actual nominal power rating of 

appliances to be powered and their average duration of use per day is paramount for 

reliable performance. 

Another challenge in the design of off-grid PV systems, especially in rural and developing 

areas is the complexities involved when trying to match unpredictable energy sources 

with uncertain load demands, to provide the most favourable system with regards to 

reliability and cost [120, 125]. In the literature, different methods have been proposed to 

address this with the most commonly used methods being the intuitive and numerical 

methods [120]. The intuitive method adopts a worst-case resource scenario like the worst 

insolation month of the year, to determine the PV system components [126-129]. It is best 

used for initial system approximation or estimation as it easily results in surplus or deficit 

solar production. Howbeit, it is the main method used by many off-grid PV system 

installers in developing regions/countries [130]. Numerical methods on the other hand 

give a more detailed and accurate sizing by simulating the uncertainties associated with 

the solar resource and load demand variations. Also known as simulation-based methods, 

they are further categorised into stochastic and deterministic methods. In the stochastic 

approach, the uncertainties are simulated as hourly demand(s) and insolation data [125, 

131-135] while in the deterministic approach, daily averages for both demand and 

insolation data are used [117, 136-139]. The major drawback of the numerical method is 

the large amount of input data required and the long computational time needed to 

simulate the performance of the system over a wide range of configurations.  

Heuristics methods have also been proposed in the sizing of off-grid PV systems [118, 

140-143] but these methods based on multifaceted algorithm functions are often 

constrained by their own complexity in designing systems components. Commercial 

software tools like PVSyst, Global Solar Atlas, HOMER, RETScreen have also been used 

in the design of off-grid solar PV systems. These make use of hourly synthetic data 

derived from nearby meteorological stations and end-user load demand data to size the 

off-grid PV system components. This ability to access nearby meteorological stations and 

derive accurate hourly synthetic data from these stations is one of the main benefits of 

these specialized types of software. However, the lack of training coupled with the need 

to purchase a user license to utilize these software tools often makes them unaffordable 
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and inaccessible to off-grid system designers in developing regions/countries of the 

world.  

They are also often too generic and more suited for community-scale systems and do not 

capture the different realistic scenarios common to individual end-users in these regions. 

This includes scenarios like the need to integrate a water-pump system into the design of 

the stand-alone SHS and the software optimization use of a small PV capacity when 

designing a system with a large battery autonomy. This can easily lead to the batteries 

being in a very low average State of Charge (SoC) over large periods, which is damaging 

to the health of the battery. Other works on community energy look at optimising real-

time control of battery storage assets and fair sharing of energy resources [144, 145] or 

how game-theoretic and battery investments can lead to better renewable energy 

optimisation and reduce curtailment [146, 147]. However, for these optimisation methods 

to be applicable, they also require accurate estimates of renewable energy generation, 

which is mainly the yield of solar PV systems in the case of sub-Saharan African 

countries. 

In consideration of the aforementioned challenges encountered when sizing off-grid PV 

systems especially in developing regions like Sub-Saharan Africa, and the invaluable role 

of off-grid PV systems in improving and increasing access to electricity, the need to 

evaluate the PV yield of installed and dispersed off-grid PV systems cannot be 

overemphasised.  This is accentuated by the fact that experimentally measuring and 

evaluating the yields of PV systems often involves huge costs and can take many years 

[148].   In a recent study published by the author of this thesis, the yield assessment of 

the major sizes of off-grid PV systems installed in Nigeria was evaluated [66].  The paper 

assessed the average yield production of the installed PV systems for four major cities in 

the country – Abuja, Kano, Lagos, and Port Harcourt.  And given that the daily electricity 

consumptions from the off-grid PV systems were undefined, the paper also presented a 

method of estimating the daily electricity consumption of a consumer by specifying two 

maximum daily demand profiles, based on the installed battery depth of discharge (DOD).  

A summary of the paper is presented here with the focus being on the associated costs 

and drawbacks of inaccurate sizing.  

Table 2.1 shows the major sizes of off-grid PV systems typically installed in the Sub-

Saharan Africa region.  The PV systems were simulated for their yield production using 

the Global Solar Atlas – a publicly available online simulation tool for evaluating the 

yields of a proposed or installed PV system.  Provided by the World Bank Group as part 



41 
 

of its “Renewable Energy Resource Mapping”, the Global Solar Atlas tool provides 

reliable introductory-level data for the analysis of any size and type of PV system.  This 

includes a month-by-hour (12 x 24) PV electricity yield estimate. The online tool provides 

an overview of the solar energy potential for any site or region in the world [149].   

Table 2.1: Sizes of installed off-grid PV systems in Nigeria [40] 

Off-grid SHS Tiers SHS 1 SHS 2 SHS 3 SHS 4 SHS 5 SHS 6 SHS 7 

Peak load (W) 250 590 770 980 1,600 2,150 2,480 

Battery-Bank (Wh) 
      

2,400  
      

4,800  
      

4,800  
      

9,600  
    

14,400  
    

19,200  
    

24,000  
Batteries per bank 
(200Ah/12V) 

1 2 2 4 6 8 10 

PV Array (Wp) 
         

500  
      

1,000  
      

1,500  
      

2,000  
      

3,000  
      

4,000  
      

5,000  

# of Panels (250W) 2 4 6 8 12 16 20 
 

Thus, for the four most populous Nigerian cities of Abuja, Kano, Lagos, and Port 

Harcourt, Figure 2.4 shows the simulated electricity yield per kWp of installed PV 

systems. Abuja and Kano cities are situated in the northern part of the country – south of 

the Sahara while Lagos and Port Harcourt are southern coastal cities characterised by 

lengthy and heavy rainy seasons.   Simulation results show that Kano city has the highest 

yield with daily electricity production of about 4 – 5 kWh/kWp in the rainiest and sunniest 

month, respectively.  This is followed by Abuja with daily yields of approximately 3.1 – 

4.8 kWh/kWp, Lagos with daily yields of approximately 3.2 – 4.2 kWh/kWp, and Port 

Harcourt with daily yields of about 2.9 – 3.6 kWh/kWp.  However, to better evaluate the 

adequacy or lack thereof of the electricity generated – being off-grid PV solar systems – 

there is a need to determine the daily electricity consumption of the various prosumers.  

Given the uncertainties surrounding the loads to be powered by the incipient off-grid 

system, and the respective duration of the loads, we specified two maximum daily 

electricity consumptions based on the battery depth of discharge (DoD) of the installed 

battery bank of the PV system.  This is because the electricity production from the off-

grid PV systems should be sufficient to supply the daily power of the prosumer.  The 

daily demand profile of 50% battery DOD represents the maximum quantity of electricity 

that can safely be consumed from the batteries daily.  The 80% DOD maximum demand 

profile indicates the maximum (permissible) amount of electricity that can be consumed 

from the installed battery banks without damage to the batteries, with the BESS control 

system set to switch off the system when this limit is reached..  Hence, the simulated daily 
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yields of the off-grid PV systems were evaluated with respect to the two battery DOD 

demand profiles as shown in the following sections. 

  

Fi
gu

re
 2

.4
: D

ai
ly

 P
V 

yi
el

ds
 o

f o
ff-

gr
id

 so
la

r h
om

e 
sy

st
em

s i
ns

ta
lle

d 
in

 fo
ur

 m
aj

or
 c

iti
es

 in
 N

ig
er

ia
 



43 
 

• Maximum daily demand of 50% battery DoD 

After a maximum daily electricity consumption of 50% installed battery DOD, the 

simulation results presented in Figure 2.5 show that during the sunniest months in Abuja, 

Kano, Lagos, and Port Harcourt respectively, corresponding daily excess yields of 

approximately 1.0 – 9.6 kWh, 1 – 10 kWh, 0.7 – 6.8 kWh, and 0.4 – 3.6 kWh can be 

generated from shs1 – shs7 respectively. Thus, the smallest PV system (shs1) installed in 

Port Harcourt, Lagos, Abuja/Kano can generate enough excess to power an additional 1, 

3, and 5 Tier-2 households [14], respectively.  This also means that given the 9.58 MWp 

off-grid solar home systems (SHSs) installed in the country [87], there is a potential 6.9 

– 19.4 MWh of surplus unutilised electricity being generated in the sunniest months. And 

if made available for trading on a local P2P electricity market/exchange, this is sufficient 

electricity to meet the minimum daily demand of at least 7,000 Tier-3 households.  Even 

during the rainy months (June to August) when the demand and insolation are often at the 

lowest in the country, daily excess yields of 0.2 – 3 kWh, 0.5 – 5.1 kWh, 0.14 – 3 kWh, 

can still be generated from the PV systems installed in Abuja, Kano, and Lagos, 

respectively. For Port Harcourt city, except for shs3 with an excess yield of 1.4 kWh, all 

other PV systems generated no excess yield during the peak of the rainy season. Thus, 

even during the rainy season, there is sufficient electricity to supply at least one additional 

Tier-2 household.  

• Maximum daily demand of 80% battery DoD 

Figure 2.6 shows the surplus yield generation when daily consumptions are at a maximum 

of 80% battery DOD. Simulation results show that the daily PV yields are mostly 

incapable of supplying this demand; hence the deficit yield productions are shown as 

negative yields. As seen in the figure, regions with a low solar resource like Lagos and 

Port Harcourt are most affected as the installed PV arrays in these cities are incapable of 

generating the required electricity. However, the 1.5kWp off-grid PV systems (shs3) 

being slightly oversized for their demand can generate an average surplus of 1kWh and 

0.5 kWh for Lagos and Port Harcourt, respectively. The same sizes of PV arrays/systems 

installed in regions of high solar resource availability perform a bit better. In Kano, excess 

yields of 0.1 – 2.8 kWh were generated during the dry season while in Abuja, a surplus 

yield of 0.1 – 2.6 kWh was observed in the peak sunny month of November. If traded on 

a local P2P electricity market, these excess PV yields (especially from the 1.5kWp PV 

systems) can supply an additional one to two Tier-2 households in Port Harcourt and 
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Lagos, while powering three to four additional Tier-2 households in Abuja and Kano, 

respectively. 
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With its added benefits of cost-effectiveness in the medium to long run, off-grid solar PV 

systems play a key role in improving and increasing access to electricity in electricity-

deficit countries like Nigeria.  It is therefore important that these off-grid solar PV systems 

are properly sized to maximise their PV generation.  However, in a bid to ensure full 

supply reliability and uphold credibility in their systems, the providers of these off-grid 

PV systems tend to design and install oversized systems which result in excess PV 

generation that is often unutilised [66]. In this thesis, we thus postulate that if the surplus 

PV generation is made available and accessible to other peers (end-users in the network 

or community who do not own a PV system), these surplus PV generations will improve 

the utility of the off-grid PV systems and further improve access to electricity in the 

community. Hence, a specially designed local electricity market trading platform where 

such P2P negotiations, trading, and exchange of locally generated PV electricity can be 

carried out, is required. In the next section, we review the structure, design, and trading 

modality of such a local electricity market with P2P trading. 

2.3. Local electricity markets and Peer-to-Peer trading 

Local electricity markets (LEMs) have emerged as (economic) instruments to coordinate 

the generation, supply, storage, transport, and consumption of electricity from 

decentralised energy sources (DERs) within a confined geographical area or locality 

[150]. They have also been defined as an online platform that allows participants to trade 

both energy and flexibility, while collectively or individually entering both traditional 

and new market services to get additional value from their supply or system services 

[151]. These markets are mainly driven by technological advancements in the digitisation 

of the power system/grid, the liberalisation of electricity markets in many developed 

countries, and the proliferating surplus electricity available within the local distribution 

system, especially given the phasing-out of some key RE financial incentives like the 

Feed-in Tariff program. This is accentuated by the FiT policy, which in itself created a 

type of retail monopsony where prosumers could only sell their surplus electricity to their 

respective electricity suppliers. With governments, energy utilities, and research 

institutions collectively working to mitigate GHG emissions, LEMs can also help reduce 

the carbon footprint of the last-mile electricity consumed as it enables and facilitates 

trades between end-users in a community and the available local energy resources [144, 

152]. These local energy resources comprise local generation and storage asset owners, 

domestic and community prosumers with small-scale generation and storage, DSR, as 

well as large energy users in need of affordable local electricity.  
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Indeed, LEMs help provide some form of fair compensation scheme where distributed 

energy resources can be paid fair market prices to economically produce affordable and 

cost-effective electricity [153]. This is evident when examining the pricing of electricity 

tariffs. As shown in Figure 2.7 electricity tariffs typically consist of different costs. These 

include the cost of procuring the electricity (29%), the cost of network operations with 

the bulk of this cost covering the expenses of the distribution grid, and the remaining for 

transmission grid operations (23%). Also included are the cost for supplier operations 

(16%), 25% for environmental and social obligations, and 7% for taxes [154]. Therefore, 

direct energy trading between a consumer and a prosumer can substantially reduce the 

price of electricity by more than 50%, which can be a considerable incentive for local 

renewable energy sources procurement. 

 

Figure 2.7: Typical breakdown of an electricity bill [154] 

Having the potential to significantly reduce the cost of electricity purchased from the 

wholesale market, the LEM also facilitates and enables the procurement of local energy 

services by the network operators. In so doing, it helps the network operators reduce 

network management costs and defer network capacity investment to a later time by 

deferring to a non-wire solution or alternative (NWA). By enabling the trading of 

“flexibility” services, the market also helps retail electricity suppliers, as well as 

aggregators, balance their electricity portfolio locally, without recourse to the wholesale 

market or transmission network.  Thus, the key benefits of the local electricity market 

include: improving the overall efficiency of the (distribution network) power system by 
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reducing network losses, deferment of investment costs for network infrastructure 

reinforcements, reducing network management costs and charges levied by network 

operators, reducing network constraints through the provision of local flexibility, 

providing the right incentives for demand-side flexibility, reducing the carbon footprint 

of the consumed/supplied electricity, and keeping the resources and joint gains of the 

market within the community [150, 152, 153]. A prominent example is the Cornwall local 

electricity market trialled in the UK with over 200 homes and businesses in participation, 

and more than 7.5 MW of low carbon technology installed. The market traded over 310 

MWh of peer-to-peer electricity with a resultant greenhouse gas saving of 10,000 tonnes 

per year [155].  

2.3.1. Peer-to-peer electricity trading  

P2P trading has been defined as a decentralized trading structure where all peers in the 

structure work together to trade a good or service — in this case, electricity [156]. Indeed, 

P2P electricity sharing/trading has emerged as a new paradigm, solving local network 

issues such as voltage fluctuation, congestion, or electricity deficit [156-159]. This novel 

concept of electricity trading is driven by the development of distributed energy resources 

(DER) and smart metering technologies along with communications systems [94, 160, 

161].  It provides prosumers with the unique opportunity of selling any excess electricity 

generated to other households in need of electricity [162], especially in the case of 

islanded microgrids or in the event of a power cut. It also empowers communities to take 

charge of their own energy supply and usage. A typical case study is the Brooklyn 

Microgrid Project (BMG)—a network of local neighbourhood prosumers and consumers 

who trade locally available, cheaper, and greener electricity via a private blockchain 

system [86].  

Other commercial P2P electricity trading projects and platforms include the PicloFlex – 

a leading independent electronic marketplace enabling the trading of flexibility services 

in the UK (www://piclo.energy//); xGrid and μGrid by Powerledger Australia 

(www.powerledger.io/our-technology/); Vanderbron (www.vandebron.nl/) in the 

Netherlands, and Sonnenbatterie community in Germany where members share their self-

produced surplus energy stored in their Sonnenbatteries, with other members of the 

community (www.sonnenbatterie.co.uk/sonnencommunity/). Other European research 

projects focused on the design and implementation of a P2P electricity marketplace 

include ElecBay—a P2P electricity trading platform for grid-connected microgrids [163]; 

EnerChain—a blockchain-based energy trading platform “for wholesale products, 

http://www.vandebron.nl/
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flexibility options, and kWhs within energy communities” [164]; NOBEL – a P2P energy 

market for trading electricity in smart grid neighbourhoods  [89] and P2P-SmartTest 

project [165]. These trials and projects show that end-users are eager to be more involved 

in the choice of their energy supply. 

For P2P electricity trading to take place, a distributed network architecture where 

participants of the network can share their resources with each other is required. This 

distributed network architecture must include a physical network for the transfer of the 

traded electricity from the selling peers to buying peers and a significant number of 

participating peers with appropriate metering and communication infrastructure. The 

physical network could either be part of the traditional distribution system or a separate 

microgrid distribution. Also required for P2P electricity trading is a secure virtual 

information system that in addition, serves as the P2P trading platform. This trading 

platform must be robust enough to provide a secured connection for participating peers 

to communicate their energy needs and preferences. It must also provide equal access to 

all participants and enable the required trading processes such as trading periods, pricing 

mechanism, payment rules, and available energy allocations. More information on the 

attributes of P2P network architecture can be found in [166]. And lastly, to further 

understand the application of P2P electricity trading in local energy communities, a brief 

overview of its structure, elements, and trading mechanism is presented below.  

2.3.2. Types of P2P electricity trading 

There are two distinct forms/types of P2P electricity trading, with the third form being a 

hybrid of the two. As shown in Figure 2.8, these include the full P2P market design which 

is a fully decentralised peer-to-peer trading structure. In this type of P2P trading, the peers 

who are the producers, prosumers, and consumers in the network, directly communicate 

and trade electricity with each other without the aid of an[y] intermediary or third-party 

supervision – be it a supplier or market operator [91, 156, 167, 168]. However, trading 

without the aid of a supervisory third-party or middleman makes this type of P2P trading 

a trustless one, whereby getting peers to participate and engage in such trades may pose 

a major challenge with this form of trading.  The emergence of innovative distributed 

ledger technologies (DLT) like Blockchain provides a means of overcoming this 

challenge. 

Another challenge envisaged with the fully decentralised P2P trading of electricity is the 

exorbitant investment and maintenance cost required for the ICT infrastructure, especially 
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when contemplating the scalability of the trades [166]. This is because the trading peers 

need to communicate directly with each other for the trade to take place. This cost 

implication becomes more challenging in electricity-deficit regions like SSA where 

private sector investment in power systems is very low [18]. Also, given the lack of 

centralised supervisory control in fully decentralised P2P electricity trading, power 

system operators may find it more challenging to predict and analyse grid behaviour when 

these trades are scaled up [152, 156, 166].  

 

Figure 2.8: Different types of P2P Electricity Markets 

Community-based P2P electricity trading is the second form of P2P electricity trading. It 

depicts a P2P trading structure where peers trade their electricity through a central 

coordinating system exercising supervisory control over the peers and the market [156]. 

Each member typically trades its electricity within the community through the 

coordination and supervision of a community manager. The community manager can be 

likened to the independent market operator in the local electricity market who sets the 

rules of the market and clears the trades in the market. The community here usually 

consists of neighbouring consumers with their appliances, solar panels, or electric 

vehicles who are willing to come together to share green energy [86, 155]. In some cases, 

the community members also share the investment on DERs and ICT as opposed to 

individual ownership of generation assets [169]. 

Community-based P2P electricity trading can also be applied to community microgrids 

with neighbouring prosumers wherein the members of the community share common 

interests and goals even though they may not be at the same location [170]. In this type 

of P2P trading, it is expected that the community manager equitably manages and 
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distributes the benefits from shared assets to members of the community, wherein the 

members are said to be functioning collaboratively [144, 171, 172]. They may also 

function competitively with members bidding for their required or surplus energy through 

the community manager who acts as auctioneer [86, 147]. Peers may also choose to trade 

their electricity beyond the community as “flexibility” products. And this can only be 

done through the community manager who doubles as an aggregator and as the 

intermediary between the peers in the community and the wider network. Thus, the 

community-based P2P trading of electricity can effectively enhance the involvement and 

relationship of community members as they share a common good. However, having a 

fair and unbiased sharing of the electricity among members can be a challenge with this 

type of trade. Likewise, precisely determining the preferences of energy use for all 

community members at all times can also be another major challenge in this type of 

market.   

Finally, the hybrid P2P electricity trading consists of trades where peers can directly sell 

or buy energy to/from other peers, as well as the community. This is a blend of the fully 

decentralised P2P trading and the community-based types. In this type of market, the 

prosumers in the fully decentralised P2P market can interact with the community-based 

markets and vice versa, while maintaining their own market properties. Thus, each 

individual prosumer can engage in both P2P trading and as part of the community-based 

market. One of the benefits of this market is its suitability for scalability where it can 

easily be expanded with the ICT infrastructure and computation scalable, as well.  It is 

also more predictable to network operators. The major challenge with this type of market 

is coordinating the different levels of trades taking place (often simultaneously).  

2.3.3. Trading mechanisms of P2P electricity trading 
Market mechanism describes the different trading modalities with which producers 

(sellers) and consumers (buyers) deploy to agree on the price and quantity of a 

good/service, with price often serving as the signal for resource allocation. It refers to the 

system whereby the power of supply and demand determines the price and quantity of 

goods traded. As with the wholesale electricity market, different trading mechanisms 

have been proposed in the literature for P2P trading of electricity. These range mainly 

from the fields of game theory, double auctions, and constrained optimization, with the 

authors in [166] listing blockchain as another major trading mechanism for P2P trading 

of electricity.  
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Game theory has been described as the science of strategy; the optimal decision-making 

of independent and competing actors in a strategic setting [173]. Developed extensively 

in the 1950s, it is the study of mathematical models of strategic interaction(s) among 

rational decision-makers [174]. It is concerned with all settings in which self-interested 

agents interact with each other in pursuit of their individual preferences while taking each 

other’s strategic decisions into account [22]. It can be further categorized into cooperative 

and non-cooperative games wherein cooperative games refer to games where otherwise 

independent players collaborate and act together as one entity in a bid to improve their 

position in the game. These are also known as coalition games as the players are said to 

come together to form coalitions [175]. Non-cooperative games on the other hand are 

games where players with partial or completely conflicting interests make independent 

strategic decisions that have the potential to influence and affect the outcome of the other 

players. However, despite its frequent use, game theory assumes that the agents’ 

preferences for all possible outcomes can be characterized and modeled. It also assumes 

perfect computational rationality wherein no computation is required to find mutually 

acceptable solutions within a feasible range of outcomes. And it further assumes that the 

agents fully know the space of possible outcomes as well as the potential negotiation 

outcome, but agents often only know their own information space and not that of the 

opponent. 

Double auctions refer to a trading methodology involving many sellers and buyers and a 

supervisory agent called the auctioneer. The sellers submit their offers to sell at a given 

price (called the asking price) to the auctioneer and the buyers also submit their bids to 

buy at a certain price (called the bid price) to the same auctioneer, who then ‘clears’ the 

market by giving priority to higher bids and lower offers [176]. This is done by first 

arranging the offers in increasing order and the bids in decreasing order. Then the point 

where the asking price intersects with the bid price establishes both the trading price and 

the total number of sellers and buyers that will eventually engage in the trading process. 

It is the trading mechanism that is normally used in wholesale electricity markets for the 

economic dispatch of electricity [80]. With this type of trading mechanism, it is in the 

traders’ (sellers and buyers) best interest to truthfully declare their reservation prices and 

bids for efficient operation of the market. However, double auctions have been said to 

exacerbate economic inequalities amongst trading agents especially, as buyers with low 

economic abilities or low bidding prices often get excluded from the resultant trades of 

the double auction mechanism [156, 177]. 
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Constrained optimisations are the mathematical process of making the most effective use 

of resource(s) by optimizing an objective function with respect to some variables in the 

presence of constraints on those variables. Thus, a constrained optimization problem is a 

problem for which a function 𝑓𝑓(𝑥𝑥) is either to be minimized or maximized but subject to 

some constraints or limits 𝛷𝛷(𝑥𝑥) placed on the variable, where 𝑓𝑓:ℝ𝑛𝑛 → ℝ is called the 

objective function and 𝛷𝛷(𝑥𝑥) is a Boolean-valued formula [178]. Several constrained 

optimization techniques have been used in the design of P2P electricity trading 

mechanisms. These include linear programming (LP) – a mathematical programming 

technique for determining the optimal outcome in a mathematical model where all 

requirements are presented in linear form; mixed-integer linear programming (MILP) – a 

special case of integer linear programming where some of the variables are constrained 

to be integers and others allowed to be non-integer; nonlinear programming (NLP) – an 

optimization technique wherein the objective function is nonlinear and/or the feasible 

region can also be determined by nonlinear constraints; and  Alternating Direction 

Method of Multipliers (ADMM) which is an optimisation technique whose algorithm 

“attempts to solve a complex optimisation problem by breaking it into smaller pieces, 

each of which will be easier to handle with a key step being the splitting of variables 

wherein different splitting schemes leading to different algorithms” [179]. However, the 

complex computational and communication costs required if scaling the decentralised 

P2P trades are the significant challenges/barriers of these trading mechanisms. 

• Decentralised P2P trading mechanisms 

Similar to the types of P2P electricity trading discussed in section 2.3.2, trading 

mechanisms can also be further grouped into two: centrally coordinated and decentralised 

trading mechanisms. Decentralized trading mechanisms are the P2P trading mechanisms 

applied to fully decentralized P2P electricity trades. For example, the authors in [180] 

show how a non-cooperative Nash game trading mechanism can guarantee the fairness 

of energy pricing strategy in P2P trades between residential and commercial prosumers. 

This non-cooperative game model shows that no peer can be better off unilaterally 

deviating from its strategic course of action, provided the other peers are playing their 

Nash equilibrium strategies. It was also used to incentivize prosumer participation in P2P 

electricity trading [167, 181], significantly reduce energy cost while maintaining fairness 

[182, 183], balance demand with local generation/production [163], and improve the 

security of transactions in decentralized P2P electricity trading [161].  P2P trading of 

electricity was also characterized as a variational equilibrium problem whose solution 
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corresponded to that of a social welfare optimisation with all agents assumed to have an 

equal valuation of the price associated with the traded resource [184]. Similarly, the 

Stackelberg game has also been used to reduce the cost of electricity/energy [185-187] 

and to design suitable pricing schemes for secured transactions in P2P trading [147]. This 

is a non-cooperative strategic game in which at least one peer is defined as the leader who 

takes the first decision and commits to a strategy before the other peers – acting as 

followers in the game – optimize their strategies in response to the leader’s action.  

Constrained optimisations have also been utilized as trading mechanisms in the 

decentralized P2P trading of electricity. This includes the use of linear programming (LP) 

to design a multi-energy management strategy that was based on the complementarity of 

multi-energy demand, to explore the optimal energy scheduling problems of prosumers 

[188]. A MILP technique was deployed to optimise the use of the electricity generated 

from a rooftop solar PV system fitted with a battery [189] for P2P trading of electricity. 

The authors in [168] also deployed a constrained optimisation method called “Relaxed 

consensus + innovation” to solve the multi-bilateral economic dispatch problem between 

peers engaged in decentralised P2P electricity trading. ADMM has also been frequently 

utilised as seen in [190-193].  In [190], the ADMM was used to coordinate trading 

between prosumers with heterogeneous preferences, that is preferences that are not just 

purely about financial gain. Proposing a means of sharing and allocating the costs related 

to the use of common infrastructure and services in a P2P trading market, the authors in 

[191] used ADMM to clear the electricity trades between trading peers. Similarly, Zhang 

et al [192] also used ADMM to settle the P2P energy trade and allocation of cost for grid 

usage prices in a decentralised P2P market. While for voltage control purposes, the 

authors in [193] utilised ADMM to locally optimise reactive power compensation and 

active power curtailment of inverters participating in the decentralised P2P trading.  

• Centralised P2P trading mechanisms 

Centralised trading mechanisms are best suited for community-based P2P electricity 

trades. For example, the authors in [144, 172, 194, 195] demonstrate the use of coalition 

game theory in reducing energy cost via the use of local flexibility service, implementing 

fairness in deciding the trading price, and incentivizing prosumer participation in 

community-based P2P trading, respectively. As a trading mechanism, double auctions 

seem purpose-built for community-based P2P electricity trading. Examples include the 

use of a Nash bargaining model to design a double auctions framework to reduce peak 
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demand [181]. Data-driven prediction-integration models were also implemented to 

design double auctions frameworks for improving prosumers’ participation in P2P 

electricity trading [196]. The economic efficiencies of the double auctions mechanism 

were analysed and the effects of different bidding strategies on market conditions were 

also investigated [197, 198]. Similarly, an optimal bidding strategy using double auctions 

was utilised in [199, 200] to decide on the electricity price and quantity traded by the 

prosumers towards maintaining the balance between local generation and consumption.  

• Distributed Ledger Technologies 

The underlying objective of a DLT is to engender trust in otherwise trustless transactions 

or environments [201, 202]. This is because DLTs are asset databases that can be shared 

across a network of multiple sites, institutions, or geographies with all participants having 

their own identical copy of the ledger and where any changes to the ledger are 

immediately reflected in all copies within minutes, or seconds, in some cases. The assets 

stored can also be financial, legal, physical, or electronic but the security and accuracy of 

the assets stored in the ledger are maintained cryptographically through the use of private 

‘keys’ and signatures to control who can do what within the shared ledger. Entries into 

the ledger can also be updated by one, some, or all of the participants, according to rules 

agreed by the network [203]. 

These DLTs  “…are shared and distributed data structures or ledgers that can securely 

store digital transactions without using a central point of authority” [94]. Simply put, 

these are databases that allow multiple users to simultaneously make changes in the 

database, resulting in multiple chain versions of the database, with each network 

member/user holding a copy of the records chain and agreeing on the valid state of the 

ledger/database via a consensus (of the users).  By so doing, DLTs eliminate the need for 

a centralized and trusted management of the database – often done by a single third-party 

– and replaces this with a decentralized, transparent, and distributed management by 

members. While the methods of reaching a consensus for the valid state of the database 

may differ from one DLT to another, DLTs have become the enabling impetus for fully 

decentralised P2P trading of electricity [94, 160, 204, 205].  

Underpinning this technology is the ‘blockchain’ algorithm that was invented in 2008 to 

create the peer-to-peer digital cash known as Bitcoin [202]. Blockchain algorithms enable 

Bitcoin transactions to be aggregated in ‘blocks’ which are added to a ‘chain’ of existing 

blocks using a cryptographic signature and anyone with access to the internet and the 

computing power to solve the cryptographic puzzles can add to the ledger [202]. Building 
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on the main features of the blockchain algorithm, especially its immutability, accuracy, 

and decentralised control/ownership, DLTS utilising the blockchain algorithm are being 

investigated and studied for application in various sectors including the energy sector. 

The authors in [94] present an in-depth systematic review of the challenges and 

opportunities of blockchain technology in the energy sector. One key challenge identified 

by the authors is that of scalability and cost. At the same time, ‘other emerging issues 

relate to user anonymity, data privacy, and the governance of blockchain systems which 

often goes against traditional practices adopted by governments and industry’ [94]. 

Furthermore, blockchain algorithms often consume a lot of energy in order to reach a 

consensus on a transaction [206]. Thus, its application in regions with inadequate 

electricity supply may prove counterproductive. Therefore, there is a need for a more 

cost-effective method of satisfactorily clearing the trades in these novel types of local 

electricity markets. 

2.3.4. Application in electricity-deficit regions 

With the significant gains made with P2P sharing/trading of electricity in the regions 

already trialling it – notably the efficient balancing of local demand and generation and 

the considerable reduction of electricity costs for all participants [166], P2P electricity 

trading is beginning to attract interest in electricity-deficit regions like sub-Saharan Africa 

[207], given its potential to enable the trading of locally generated RE electricity. Thus, 

it has the potential to enable end-users to meet their electricity needs locally and 

affordably as shown in a study carried out by the author of this thesis [91].  However, a 

literature search of (“peer-to-peer electricity” OR “p2p electricity” OR “local electricity 

market”) AND (“off-grid” OR “off-grid” OR “stand-alone” OR “stand-alone”) carried 

out on two of the leading databases of peer-reviewed citations and abstracts, presented 

only 5 and 7 publications, respectively. This is in sharp contrast to the 136 and 220 

publications found when conducting a query of (“peer-to-peer electricity” OR “p2p 

electricity” OR “local electricity market”) on the same databases – Web of Science and 

SCOPUS, respectively. This shows the very negligible research regarding off-grid 

prosumers. This is also a result of research being focused mainly on the interactions of 

on-grid participants, bearing in mind that research in the field only gained traction in 2017 

as seen in Figure 2.9. Thus, more studies investigating the use of P2P electricity trading 

as a means of improving the rural/local access to electricity, are required. This includes 
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studies investigating alternative P2P electricity trading mechanisms that are optimised to 

regions with low data visualisation, affordability, and accessibility. 

 

Figure 2.9: Literature search results on P2P electricity trading 

2.4. Agent Automated Negotiations (AAN) 

To fully maximise the benefits of P2P electricity trading, (innovative) trading 

mechanisms that enable the accurate modelling of agents’ preferences while mirroring 

the unique characteristics of the P2P trading solution are required. Automated 

negotiations (AN) underpin peers’ attempts to cooperate and coordinate and are required 

for both when the peers are self-interested and/or cooperative [104, 208]. In the literature, 

automated negotiations have been defined as a particular type of interaction in which a 

group of agents with conflicting interests but desirous of cooperating with one another, 

choose to work together with the aim of reaching an agreement that is acceptable to all 

parties in the process [99]. It deploys a computerized system of multiple software agents 

that intelligently and autonomously interact with each other.  This can be likened to the 

peer interactions obtainable with P2P electricity trading, where agents need to come to 

some (market) agreement over the price and quantity of electricity to be traded.  

With negotiating agents reasonably assumed to be self-interested [19], automated 

negotiations can be modeled using game theory. This is because negotiations are strategic 

interactions and are often viewed as a game between two or more players – being the 
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disputants or conflicting parties. Thus, the negotiations can be modeled as a non-

cooperative game with a well-defined set of rules, game strategies, and payoffs that are 

all known in advance by the agents. And the negotiations can also be modelled as a 

cooperative game with the negotiation outcomes often denoted in terms of utilities with 

the objective being to find the optimal solution among the set of possible outcomes. 

Likewise, the negotiations can also be modeled using heuristics methods. These produce 

good but (often) suboptimal outcomes to the negotiation problem as they search the 

negotiation space in a non-exhaustive manner. This is because heuristics methods seek to 

reduce the computational and decision-making costs associated with game theory. Also, 

as agents’ information is often private and confidential, heuristics methods aid in 

predicting opponents’ preferences and generating counteroffers. They are often 

computational approximations of game-theoretic techniques or computational 

realisations of more informal negotiation models [99, 104].  

With its suitability and adaptability to any P2P bargaining setting requiring an outcome, 

automated negotiations have found relevance in many fields of research. In the field of 

Parallel and Distributed Computing, for example, it has been utilized as a peer 

authentication mechanism to verify the genuineness and intentions of a peer group, as 

well as the members [209]. In this instance, members wishing to join an online peer group 

especially for sharing online resources, establish a mutual trust relationship by negotiating 

and agreeing on which digital certificates to exchange to verify and authenticate each 

other.  It has also been used in solving a Meeting Scheduling problem where distributed 

autonomous agents equipped with their users' preferred times and calendar, negotiated 

meeting times on behalf of their users [210].  

In the field of education and learning pedagogy, automated negotiations have been 

deployed to assist medical students to gain high levels of confidence in their diagnosis, 

especially when there was no agreement in diagnosis between the students and the teacher 

[211].  With the support of their learner agents and making use of the Bayesian Network 

model which is a tool used by students to represent their knowledge of a subject using 

probabilistic models, the medical students modeled their clinical cases, formulated and 

then tested their different hypotheses – in what can be likened to making offers – on the 

Bayesian network model case. Likewise, the teacher's hypotheses are also modeled and 

stored in the Bayesian network database as expert agents and also updated as the 

hypotheses change. Thus, both the expert-agents hypotheses, as well as the learner-

agents’ hypotheses, are viewed in the negotiation process as ‘diagnostic offers’ and these 
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offers (hypotheses) can only be changed via the resource of argumentations that persuade 

the other participants to change their beliefs or diagnosis.   

In the energy domain, AN has been utilised to develop a competitive market simulation 

testbed used for simulating research in market structures and the software agents 

supporting decision-making in these markets [212]. Such works aided the development 

and validation of a market mechanism for managing the electrical power distribution 

within a local energy grid containing a mix of renewable energy sources, residential, 

commercial, and industrial loads, with agents competing in this market to broker electrical 

power. It also spurred research and development of intelligent agents capable of 

functioning in such markets, together with their decision-support systems [213].  The 

authors in [214] proposed the use of adaptive negotiation strategies to optimize energy 

production and supply costs. Consisting of large energy buyers, small groups of 

prosumers, an even smaller number of big electricity suppliers referred to as GENCOs, 

and several time intervals daily, buyer agents compete to get the cheapest energy contract 

either via an auctions mechanism organized by the prosumers or via a contract with the 

cheapest Genco, if they can figure the best time to contract. The adaptation techniques 

occurred at the end of every negotiation round. Subsequently, the winning agent is the 

buyer agent with the cheapest energy contract.  

In another study, the exchange of energy between two peers (residential homes) in the 

same community using automated negotiations was investigated. Results showed that this 

agents-coordinated exchange between homes led to two surpluses: overall battery usage 

reduction as well as reduced energy losses [215]. Innovative software agents have also 

been designed and developed to negotiate the scheduling of power sources and energy 

storage over a P2P microgrid overlay [216]. These agents – guided by the rules and 

policies set by the users – manage and control the designed microgrids, where the 

microgrid could either be a smart home, a business/office building, or a community, 

provided it has an embedded renewable energy generation, storage capacity and 

consumption loads [217]. Similarly, a virtual market mechanism that allows agents to 

request offers, negotiate these offers with one another, and subsequently accept offers, all 

via an Extensible Messaging Protocol (XMPP) was presented in [218].  

Hence, the development of market frameworks has been the focus of recent research in 

the P2P electricity market sector. Current research also focuses on bilateral contract 

networks between suppliers and centralized producers [167]; computational properties of 
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negotiation algorithms [219]; prosumers’ behavioural patterns based on their bidding 

strategy [220]; optimized scheduling of energy storage for a P2P microgrid model using 

automated negotiations [216]; as well as enabling communication technologies [221]. 

Furthermore, agent-coordinated electricity exchanges between homes in a cooperative 

residential setting have been shown to lead to an overall battery capacity reduction and 

reduced energy losses [222, 223]. Although, electricity pricing was not considered for 

negotiations in these studies, in [90, 91] P2P trading of surplus PV electricity using 

automated negotiations was shown to increase electricity access in off-grid, electricity-

deficit regions. 

In a similar study conducted by the author of this thesis [91], P2P trading of surplus PV 

electricity using automated negotiations was shown to have the potential to increase 

electricity access in off-grid, electricity-deficit regions. Building on the existing state of 

the art, the study presented a novel local P2P electricity trading model and testbed that 

utilises a trading mechanism similar to that being used in (the) physical (goods) markets 

in/of communities in these regions. Electricity quantities and prices were electronically 

‘haggled’ to and fro by the Buyer and Seller agents engaged in the negotiations. This in 

itself was a sharp contrast to the traditional method of fixed tariff pricing used by energy 

providers and utilities in the region and gave the players a more active participatory role 

in the trading. The paper presented novel heuristic negotiation strategies 

(adapted/optimised to such localised P2P markets) where software agents representing 

residential prosumers and consumers bargained with each other to reach a mutually 

satisfactory outcome. Applied to a case study of a community representing rural areas 

with large electricity deficit, the study provided a proof-of-concept design on the 

use/application of P2P electricity trading deploying automated negotiations, to bridge the 

electricity deficit gap in these communities. 

2.4.1. Principles of Automated Negotiations 

To understand the dynamics of automated P2P negotiations, it is necessary to (first) define 

some basic fundamental negotiation concepts. These include the following: 

• Negotiating Agents  

These are the intelligent computer systems and software programs that carry out the 

negotiating or bargaining tasks on behalf of their different users or entities involved in 

the negotiations. The agents learn to anticipate the needs of their respective entities being 

represented, with the aim of being more helpful. They also adapt to the entity's preferred 
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choices and subsequently look out for their best interest such as negotiating the `best' 

possible energy deals [224]. These software programs are encoded in such a way as to 

give them learning and reasoning features whereby they can strategically ‘think’ and 

make the best decisions on behalf of their users. Hence, they are intelligent as well as 

independent and autonomous. Also referred to as software agents, they could easily be 

included as part of the features of a smart home meter with the ability to interact with 

other software agents and appliances in the microgrid environment [215]. In the context 

of P2P electricity trading, the negotiating agents would be the set of software programs 

representing the various peers (prosumers and consumers) participating in the electricity 

negotiations. Wherein the set of Seller-agents 𝑆𝑆 = ( 𝑆𝑆1,𝑆𝑆2, 𝑆𝑆3, … , 𝑆𝑆𝑛𝑛) denotes the 

prosumers keen to negotiate and sell their surplus PV generation, while the Buyer-agent 

set  𝐵𝐵 = (𝐵𝐵1,𝐵𝐵2,𝐵𝐵3, … ,𝐵𝐵𝑛𝑛)  denotes the set of consumers desirous of purchasing the 

surplus energy for their daily consumption [91]. 

• Negotiations Classification 

Based on the number of agents involved in the negotiations, the automated negotiations 

can be classified as One–to–One negotiation, One-to-Many negotiations, and Many-to-

Many negotiations. One–to–One or bilateral negotiations are negotiations between two 

agents wherein the agents involved have contradictory preferences for the possible deals 

[100]. A typical example is the bilateral negotiations between an electricity producer and 

a buyer [90, 102]. In one-to-many automated negotiations, an agent negotiates with 

several other agents having conflicting or competing interests. This type of negotiation 

can be modeled as a series of concurrent bilateral automated negotiations. It can also be 

modeled as an auction where a seller or auctioneer (one agent) accepts incremental price 

bids from multiple buyers (many agents) for a good/service. While in many–to–many 

negotiations, every agent negotiates with many other agents at the same time resulting in 

negotiations with wider size, greater complexity, and greater heterogeneity [200], as 

observed with markets. These multilateral negotiations can also be computationally very 

hard with multiple negotiation threads taking place at the same time. Thus, a coordinating 

agent playing the role of an intervenor is often required [225].  

• Negotiation Issues  

The matters to be deliberated and agreed upon in a negotiation setting are termed issues 

(or issue, if singular) wherein an automated negotiation could be single-issue or multi-

issue. This issue is a finite set whose elements are called "values" or "attributes" as they 
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could be either quantitative or qualitative. Thus, an issue indicates a contentious matter 

to be decided and agreed upon by the negotiating parties, while the values or attributes of 

the issue represent the possible choices an agent can choose from.  In our model P2P 

electricity trading utilising automated negotiations, the price 𝑃𝑃(£/𝑘𝑘𝑘𝑘ℎ)  =

( 𝑝𝑝1,𝑝𝑝2,𝑝𝑝3, … ,𝑝𝑝𝑛𝑛)  and the quantity of electricity to be traded per time 𝑄𝑄(𝑘𝑘𝑘𝑘ℎ/

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)  = ( 𝑞𝑞1,𝑞𝑞2, 𝑞𝑞3, … , 𝑞𝑞𝑛𝑛)  are two examples of issues the negotiating peers must 

agree on before a trade can take place [91].  

• Agent Preferences 

Agent preferences in a negotiation setting imply the values or attributes of the negotiation 

issues that an agent favours more and so puts forward such choices (preferences) over 

others. It has also been generally defined as the relative or absolute satisfaction an agent 

gets when deliberating between different alternatives [208]. Thus, an agent is said to 

weakly prefer the price  𝑝𝑝1 𝑡𝑡𝑝𝑝 𝑝𝑝2 if  𝑝𝑝1 ≽ 𝑝𝑝2 or said to be indifferent when 𝑝𝑝1 ≽  𝑝𝑝2 ⟺

 𝑝𝑝2  ≽  𝑝𝑝1. This is also denoted as 𝑝𝑝2 ∼ 𝑝𝑝1. Otherwise, the same agent is said to strongly 

or strictly prefer  𝑝𝑝1 𝑡𝑡𝑝𝑝 𝑝𝑝2 (denoted as 𝑝𝑝1 ≻ 𝑝𝑝2) when 𝑝𝑝2 ≽ 𝑝𝑝1 does not hold. Hence, the 

agent’s cumulative preferred choice of values (or attributes) per issue will form the 

agent’s preferred Bid or Offer presented in a vector form. 

• Agent Utility 

The benefit or satisfaction an agent derives from any choice of issue-attributes can be said 

to be somewhat difficult to capture. So, in automated negotiations, this satisfaction (or 

dissatisfaction) is often modelled and quantified using the econometric Utility function. 

This utility function uniquely maps the preferences to a real number – where the bigger 

the number, the more the agent is said to like the particular choice of options or items or 

attributes [226]. It is also frequently used to measure the effectiveness of an agent’s 

negotiating abilities/strategies, often assessed as the agent’s average utility achieved 

during the negotiations. This is because an agent’s utility is subjective and cannot be 

directly compared to the utility of other agents. Also, when the range of issues to consider 

and choose from are many as well as varied, the preferences may then be said to be in a 

combinatorial setting [208] and a multi-issue utility function is deployed to represent the 

agent’s preferences over the range of issues. [97]. This multi-issue utility function, which 

is often linearly additive, simply defines the agent’s utility over multiple weighted issues 

with the value of each weight indicative of the relative importance of its corresponding 

issue. 
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• Negotiation Domain 

This is simply the set of all feasible agreements, solutions, or bargains the agents engaged 

in a negotiation could arrive at. It is also known as the negotiation outcome space because 

it gives the range of all possible outcomes of the negotiation [97]. It is the cartesian 

product of all the issues to be negotiated upon. Thus, it consists of all the key issues or 

considerations that need to be resolved and agreed upon by the negotiating agents, 

together with the values or attributes of the different issues. Another useful way of 

observing and visualizing the preferences of agents in a negotiation process, especially 

bilateral negotiations is via the negotiation outcome space plot [227] where the axes of 

the plot represent the utilities of each agent as seen in Figure 2.11.  

• Negotiation Protocol 

This comprises the set of rules governing the negotiation process. Precisely, it is the 

specific guidelines regulating or governing the negotiations such as the Rubinstein’s 

alternating offers protocol [228], which is arguably the most influential in the literature 

on negotiations [229]. This includes guidelines on the permissible types of negotiating 

agents, their valid actions during the negotiation, and what constitutes a permissible bid 

or offer – that is the bid or an offer that an agent is allowed to make [104].  For example, 

Rubinstein’s alternating offers protocol [228] illustrated in Figure 2.10 allows agents to 

make counteroffers to each other if the initial bid/offer proposed is not acceptable. A 

negotiation protocol may also state that proposed bids and offers are not repeatable. This 

is often done to prevent an agent from deploying ‘delay’ tactics to slow down the 

negotiation process. Other examples include rules defining when an outcome has been 

agreed upon and what it entails, as well as rules defining when a negotiation has failed 

and the subsequent outcome of such a disagreement [103]. 
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Figure 2.10: The alternating offers protocol 

• Negotiation Strategy 

An agent’s negotiation strategy defines the decision-making methods or actions an agent 

will employ during the process of negotiation to reach their aspiration. To be valid when 

in use, these decision-making actions must align with the set negotiation protocol and are 

often influenced by the protocol in place [104].  Also, the negotiation strategies being 

used are usually private to the agent; that is known only to the agent deploying the strategy 

[100]. This is because the strategy used by an agent during negotiations underpins the 

agent’s ability to outdo its opponent and secure the desired or right outcome for the entity 

being represented. Thus, the strategies are often not easily deciphered nor detected when 

in use. 

• Pareto-optimal Outcomes 

A negotiation outcome or agreement is said to be Pareto-optimal if there exists no other 

solution in the negotiation outcome space that is preferred by an agent, without making 

the other agent(s) worse off. [97]. It is a state of preference allocation from which it is 

impossible to make an agent’s preference criterion better through reallocation of 
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preferences, without making the other agents worse off. It is a measure of the efficiency 

of a negotiation outcome [230, 231]. This is because when a negotiation outcome is not 

Pareto-optimal or Pareto-efficient, it simply means that there exists an unexplored or 

unutilised outcome that the agents would prefer to the agreed outcome. If this is the case, 

it, therefore, means that the agreed negotiation outcome is not an efficient one. 

Consequently, a Pareto-optimal outcome is also referred to as a Pareto-efficient outcome, 

with the range of all Pareto-efficient outcomes being the Pareto-frontier of the said 

negotiation as seen in Figure 2.11.  

• Bargaining Solutions 

The ideal outcome to any negotiations would be all negotiating parties getting their most 

preferred outcome (bid/offer) and being completely satisfied, with each agent having 

obtained their individual maximum utility. However, this is often not a realistic 

negotiation outcome existing in the solution space as negotiating agents often have 

conflicting interests, hence the need for negotiations. A typical example showing that 

such an ideal outcome may not be attainable is a single-issue negotiation between a seller-

agent desirous of selling at the highest price possible and a buyer-agent whose ideal 

outcome is to buy at the lowest price. This negotiation can be modelled as a zero-sum 

game as one agent would have to suffer some dissatisfaction at the expense of the other 

if an outcome is to be agreed upon. Therefore, besides the optimality or efficiency 

criterion of a negotiation outcome discussed above, the fairness of a negotiation outcome 

is another criterion often considered when evaluating a negotiation outcome. It simply 

infers the impartiality or lack of favouritism of the agreed outcome. This means the agreed 

outcome does not favour any party over the other, instead, it is fair to all. It also answers 

the question “which outcome is most satisfactory to all agents when considering a range 

of optimal outcomes to choose from, as obtainable in the set of Pareto-optimal 

outcomes”?  

Unanimously deciding and agreeing upon a fair outcome is slightly contentious [232]. 

Nevertheless, there exist some characteristics, axioms, or criteria that are being used to 

determine the fairness of a bargaining solution. These include the immutability or 

independence of the fair outcome to all irrelevant alternatives in the negotiation domain. 

This means that discarded alternative outcomes have no bearing on the agreed fair 

outcome as the negotiating agents would still prefer the fair outcome to any discarded 

alternative, given that everything that matters has not changed. Another fairness criterion 
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is that of optimality where there must not exist any other outcome that any agents would 

prefer to the fair outcome, without making the other agents worse off. Thus, a fair 

negotiation outcome must be optimal and efficient. An agreed fair outcome must also be 

invariant to any equivalent utility representation. This simply means that no matter the 

scale, degree, or type of agents' individual utility representation, the payoffs from the fair 

outcome would remain the same. Also, fairness is further measured or evaluated based 

on the agents' utility functions only. This is because the utility function is the most 

acceptable method of evaluating an agent's satisfaction or premium placed on every 

possible outcome of the negotiation space [233].  

Hence, we define the two most commonly used axiomatic bargaining or negotiation 

solutions in the literature that constitute a fair outcome for all opposing agents. These are 

the Nash Bargaining Solution and the Kalai-Smorodinsky Bargaining solution. 

• The Nash Bargaining Solution (NBS) in its simplest form is the negotiation 

outcome that maximizes the products of the negotiating agents’ utilities. It follows 

from the work of Ref [233, 234] and has been widely adopted in the field of 

economics as well as negotiations [97, 235]. Binmore [232] defines it as any 

profile of strategies – one for each agent – in which each agent’s strategy is the 

best reply to the strategy of others. It infers the 'most satisfactory' outcome that 

can be expected from a negotiation if all agents were assumed to have the same 

bargaining power. Its major drawback is its dependence on the agents' utility 

functions which might vary considerably between the seller-agent and the buyer-

agent, thus distorting the fairness of the Nash bargaining solution. 

• Kalai-Smorodinsky in extending the work of Nash slightly disagreed with one 

of the axioms or criteria used in the Nash bargaining solution, that is the 

immutability or independence of the fair outcome to irrelevant alternatives. The 

duo went ahead to prove that “if for every utility level that player 1 may demand, 

the maximum feasible utility level that player 2 can simultaneously reach is 

increased, then the utility level assigned to player 2 according to the solution 

should also be increased” [236]. In other words, if the utility attainable by an 

agent for each utility of its opponent is weakly larger, then the utility the agent 

gets in the final agreed outcome should also be weakly larger. Therefore, an agent 

with better options should get a weakly better agreement. They argued that 

discountenancing some outcomes in the negotiation space simply because they 

were deemed mutually irrelevant was not fair in itself as this meant disregarding 
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their importance to the agent with the higher utility for them. Their solution 

recognised the fact that while an outcome may not hold a high or significant value 

for one agent, it could hold a significant value for another agent having a higher 

utility for it. Thus, this fact ought to be taken into consideration when determining 

the fairness of a negotiation outcome.  

 

Figure 2.11: An automated negotiation outcome space plot for bilateral P2P electricity 
negotiations showing the Pareto-efficient outcomes, the agreed outcome, and the Nash and 

Kalai-Smorodinsky bargaining solutions [90]. 
 

2.5. Key findings 

Chapter 2 presented the relevant literature review on the subject of this thesis. This 

included a review of the Nigerian electricity supply industry (NESI). This was carried out 

to investigate and identify the challenges militating against electricity access in the 

country, thereby making her the world’s most populous electricity-deficit country. 

Results showed a myriad of issues. These include an inadequate generation capacity of 

only 7,652.6MW [110]; an aging grid infrastructure of 8.1 GW wheeling capacity with 

limited network coverage requiring extensive investment and reinforcement [44]; 
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inefficient metering, billing, and theft of electricity; as well as the lack of adequate private 

sector investment, as a whole [18, 91, 131, 132]. Subsequently, many end-users resorted 

to self-generation using small to medium-sized petrol or diesel generators [23, 24].  As 

part of the efforts to combat these challenges and given the country’s rich RE potential, 

the government is engaging in energy system transitions, with the focus being (on) the 

utilisation of RE solutions to provide and expand electricity access to the populace. Solar 

PV (technology), in particular, has been identified as the solution of choice to drive this 

electrification process, given the country’s rich solar PV potential of approximately 3.2 

kWh/kWp in the southern coastal region to 4.8 kWh/kWp in the northern areas [114]. 

However, the significant challenges militating against the widespread adoption of this 

solar PV technology include the initial high cost of procuring the PV systems and the lack 

of standard design optimisation tools to aid the optimum sizing of these systems. 

A review of the different solar PV systems sizing methodologies revealed the tendency 

to oversize the solar PV systems, particularly when uncertain about the daily demand to 

be met. This was further investigated and presented in this Background chapter 2, wherein 

the author of this thesis showed that oversizing these solar PV systems not only presented 

a (market/price) barrier to its mass deployment but the procured and installed systems 

also generated surplus PV electricity that was not being utilised [91]. However, given the 

significant gains made with P2P sharing/trading of electricity in the regions already 

trialling it – notably the efficient balancing of local demand and generation and the 

substantial reduction in electricity costs for all participants [166] – P2P electricity trading 

has a huge potential for improving electricity access in regions with poor electricity access 

like sub-Saharan African. This is given the high uptake of off-grid solar PV systems 

constituting local generation and the availability of local demand comprising of end-users 

who cannot afford the initial investment cost required to own an off-grid PV system. 

Consequently, the unutilised surplus PV electricity generated from the oversized PV 

systems can be traded to consumers/peers using P2P electricity trading, especially, as P2P 

electricity trading is beginning to attract interest in the SSA region [207]. 

The literature survey of local electricity markets and P2P electricity trading carried out 

also showed a gap in the application of P2P electricity trading in off-grid energy 

communities. The gap showed that P2P electricity trading has been focused mainly on 

the interactions of on-grid participants/prosumers with little or no attention paid to off-

grid prosumers. Therefore, studies investigating the use of P2P electricity trading as a 

means of alleviating and improving access to local electricity are required. This is in 
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addition to studies investigating the most appropriate P2P trading mechanism that is 

suited for these off-grid energy communities, especially when bearing in mind some of 

the limitations of the existing P2P trading mechanisms highlighted in this chapter’s 

review of these mechanisms. Hence, these investigations will be carried out and presented 

in Chapters 4 – 5 of this thesis where the use of “alternating offers” automated 

negotiations for decentralised and community-based P2P electricity trading respectively, 

will be studied.  

These further investigations are necessary because a review of automated negotiations 

presented in Chapter 2 showed that automated negotiations (AN) underpin agents' 

attempts to cooperate and coordinate, despite having conflicting interests [104, 208]. This 

can be likened to buyers and sellers in a P2P market setting, having conflicting interests 

but keen to cooperate to reach a mutually satisfactory outcome. Consequently, Chapter 3 

presents the unique/different agent modelling of peers participating in the P2P electricity 

trade. The chapter also presents the automated negotiation framework required for P2P 

trading of electricity in detail.  Moreover, this alternating-offers protocol is the trading 

mechanism already in use (by participants) in the physical (goods) markets in these off-

grid communities. Thus, its use as a trading mechanism for the P2P electricity trades in 

these off-grid communities will further incentivise participation in the market/trading, as 

participants will have the option of negotiating their electricity quantities and price. This 

is in contrast to the traditional method of fixed tariffs that end-users perceive as being 

exorbitant and imposed on them (without choice). 

Furthermore, given the gap in the literature regarding the participation of off-grid 

prosumers (and consumers) in P2P electricity trading, a framework evaluating the trading 

potential of these off-grid participants/peers to participate in such a market is required. 

This framework is further investigated and presented in Chapter 7 of this thesis. Different 

studies have also been done to investigate the effects of P2P trading on electricity product 

differentiation. However, the focus of these studies has been on price differentiation 

mainly. More studies are required to investigate the use/potential of P2P electricity 

trading for electricity product differentiation (beyond price only). Chapter 6 investigates 

this product differentiation and further presents investigations into the effect of network 

constraints on the P2P automated negotiated trades. 
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Chapter 3. Framework for Automated P2P 
Electricity Negotiations 

This chapter presents the automated negotiation framework for the local bilateral peer-to-

peer (P2P) trading of electricity, wherein a literature review of the automated negotiations 

concept was presented in section 2.4 of Chapter 2.  As also shown in the same Chapter, 

many installed renewable energy systems – particularly solar PV systems – generate 

surplus unutilised electricity. This is majorly a result of the phasing out of renewable 

energy incentives like the Feed-in tariff where hitherto, any unutilised prosumer-

generated electricity was fed into the grid. It is also a result of the frequent practice of 

oversizing renewable energy generators, especially in electricity-deficit regions like sub-

Saharan Africa. Given the high unmet demand for electricity in the region resulting in it 

being the most electricity-deficit region in the world, there is the need to investigate 

feasible and cost-effective trading mechanisms that will make the surplus (and) unutilised 

electricity, economically accessible and acceptable to peers who require it. This work 

presents the framework for such a trading mechanism and further investigates its role in 

improving electricity access in weak grid and off-grid regions. This chapter also presents 

a pre-negotiation framework requisite for the accurate elicitation of preference(s) from 

the individual peers being represented. It presents the (utility) modeling of the different 

negotiation agents, representative of their different household trading objectives. It also 

presents some negotiation strategies that can be deployed by agents in such local P2P 

contexts/settings. Parts of the research studies presented in Chapter 3 were published in 

peer-reviewed scientific papers [90, 91]. 

3.1 Research Contributions 

In the preceding chapter, it was shown that local P2P electricity markets have emerged as 

a new paradigm to complement the conventional electricity markets, and with the 

potential to make electricity consumption more affordable and accessible.  In light of 

these and with respect to the literature presented in the previous section, the research work 

presented in this chapter advances the state of the art in the following points: 

• It presents a novel modelling and classification of P2P negotiating/trading agents, 

whereby a Seller agent is a prosumer-peer desirous of trading its surplus unutilised 

renewable generation in a bid to recoup some of its investment cost and reduce 
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the payback period of its renewable generating asset. In contrast, the Buyer agents 

are consumers in need of electricity. 

• It also models household concerns about electricity accessibility and affordability, 

thus, incentivising the participation of rational self-seeking agents in the proposed 

energy trading solution, as these concerns are aptly captured in the design of the 

agent’s market objective.  

• This work also highlights the importance of (agent) flexibility (especially in 

procuring more satisfactory outcomes) and provides agents the opportunity to be 

flexible with their requirements. For example, an agent can shift its demand to 

another period if required to get cheaper electricity, or it can decide to increase its 

pricing if the demand is paramount for a particular period.  

• It also builds on the existing state-of-the-art by presenting a novel P2P electricity 

market model and testbed, with a trading mechanism that is akin to physical 

markets in rural (sub-Saharan African and Indian) communities, where the 

electricity quantities, prices, and consumption period can be electronically 

‘haggled’ by negotiating agents; thereby giving the end-users a more active role 

in the market. This is in contrast to the conventional method of fixed tariff pricing 

used by utilities or energy providers.  

• Finally, the chapter also provides novel heuristic negotiation strategies that agents 

can efficiently utilise in such localized P2P electricity markets to bargain with 

each other and reach mutually satisfactory outcomes. 

Figure 3.1 presents an overview of the P2P local electricity trading framework utilising 

automated negotiations. It highlights the different aspects of the framework and an 

overview of the design work done. The following sections also present in detail the 

automated negotiation framework required for P2P electricity trading in such local 

electricity markets. This includes the negotiation issues to be agreed on by the negotiating 

parties and the modelling of their preference profile for the different issues to be agreed 

upon. 
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3.2 The Negotiation Issues 

In an electricity market, the main commodity of trade is the electricity itself. In its trading 

and control, it is vital that the electricity traded and generated must accurately match the 

demand. This is important because, unlike many other economic goods that can easily be 

stored in large quantities, large storage of electricity has been relatively expensive despite 

several advancements in battery technology. Likewise, in the proposed day-ahead local 

electricity market (LEM), it is crucial that the available electricity is matched to the 

corresponding demand and at a unit price that is mutually acceptable to both parties to 

ensure the utmost satisfaction of all agents. Thus, the main issues to be considered and 

mutually agreed upon for smooth trading of electricity include the total quantities of 

electricity required or available for trade, the unit price of the electricity to be traded, and 

the period the electricity is required for consumption – that is, the delivery/consumption 

period. Each issue represents a matter that needs to be agreed upon, and consists of 

discrete, pre-defined values (quantities) that are already known to the peers engaging in 

the negotiations and also indicate different things to them. Thus, the negotiating parties 

are said to have imperfect and incomplete information. 

3.2.1 Supply and Consumption Periods 

In the proposed automated negotiations framework, there are 𝑛𝑛 periods of electricity 

consumption denoted as {𝑁𝑁1,⋯ ,𝑁𝑁𝑛𝑛}  𝑤𝑤herein, both parties negotiate and agree on the 

quantity of electricity required for each consumption period 𝑁𝑁𝑖𝑖.  For the consumer, it is 

the time when the electricity quantities negotiated are required for consumption. While 

for the prosumer, it implies the period of supply availability where the prosumer has 

surplus electricity accessible for sale. In this study, the duration of each consumption 

period is given as 6-hourly periods {𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡,  𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔, 𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛,  𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔}. Each 

consumer and prosumer individually decide on their different consumption and 

availability periods and the degree of importance for each respective period. 

3.2.2. Electricity Quantities 

For each specified period 𝑁𝑁𝑖𝑖 in the proposed negotiation framework, there is a set of 

discrete quantities of electricity 𝑄𝑄𝑁𝑁𝑖𝑖 =  �𝑞𝑞𝑁𝑁𝑖𝑖
𝑚𝑚𝑖𝑖𝑛𝑛, … , 𝑞𝑞𝑁𝑁𝑖𝑖

𝑚𝑚𝑎𝑎𝑥𝑥� that each negotiating party can 

trade from. These set of electricity quantities are often a consequence of the physical 

network constraints wherein the minimum quantity of electricity per period �𝑞𝑞𝑁𝑁𝑖𝑖
𝑚𝑚𝑖𝑖𝑛𝑛 =

 𝑚𝑚𝑝𝑝𝑛𝑛𝑄𝑄𝑁𝑁𝑖𝑖� is set as zero, while the maximum quantity may depend on the distribution 
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network's physical constraints and the period's duration. For example, in a very small 

market, the maximum quantity of electricity tradeable in a period may be defined as 

𝑚𝑚𝑚𝑚𝑥𝑥 𝑄𝑄𝑁𝑁𝑖𝑖 =  3.5 𝑘𝑘𝑘𝑘ℎ. And this 3.5 kWh of electricity must be indicated in the set of 𝑄𝑄𝑁𝑁𝑖𝑖 

for it to be a valid electricity quantity for the P2P negotiations. However, with the 

objective of this study being to improve and facilitate both initial and reasonable access 

to electricity, the discrete electricity quantities proposed herein ensure that any agreed 

bargain provides at least an initial access to electricity, equivalent to a Tier-2 electricity 

access household of the MTF (ref Table 1.1) [14]. Hence, for each period proposed in this 

framework, the same discrete quantities or values are presented as defined in equation 

(3.1): 

𝑄𝑄𝑁𝑁𝑖𝑖 =  [0.00, 0.25, 0.5, 1.00, 1.50] 𝑘𝑘𝑘𝑘ℎ/𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

(3.1) 

These discrete quantities – also known as the values of the issue – give an inference of 

the negotiating parties’ flexibility and elasticity. For instance, a consumer requiring 1kWh 

of electricity in the evening period for entertainment, lighting, and food processing may 

indicate its demand flexibility wherein it is willing to settle for less energy and (for 

example) forego its evening entertainment if needed. In the same vein, its (demand) 

elasticity can be inferred from its willingness to procure more electricity than initially 

required, either due to price affordability or a willingness to shift the load to another 

period. Similarly, for the prosumer, the values also indicate its flexibility to supply less 

or more electricity for the period under negotiations. 

3.2.3. Unit Price of Electricity 

For each consumption period, the unit price of the electricity negotiated must also be 

bargained and mutually agreed on by both negotiating agents. This is the rate at which 

the electricity is traded, and it can be a fiat currency or unique market tokens issued by 

the LEM operator. For the framework of the automated negotiations proposed in this 

thesis, the “Unit price of electricity” issue is a set of defined prices per period wherein 

𝑃𝑃𝑁𝑁𝑖𝑖 =  �𝑝𝑝𝑁𝑁𝑖𝑖
𝑚𝑚𝑖𝑖𝑛𝑛, . . ., 𝑝𝑝𝑁𝑁𝑖𝑖

𝑚𝑚𝑎𝑎𝑥𝑥�. Thus, the values of the Price issue are defined by a range of 

minimum and maximum prices, as shown in equation (3.2). More so, a trade can only be 

realised at a unit price contained in 𝑃𝑃𝑁𝑁𝑖𝑖. Hence, the prices of electricity and the 

aforementioned electricity quantities tradeable for the 𝑛𝑛 periods of the day constitute the 

issues that the prosumer and consumer must negotiate and agree upon for the P2P 
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electricity trade to occur. The negotiation issues are also denoted, as shown in equation 

(3.3). 

𝑃𝑃𝑁𝑁𝑖𝑖 =  [0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9] (£/𝑘𝑘𝑘𝑘ℎ) 

(3.2) 

𝐼𝐼 =  �𝑄𝑄𝑁𝑁1 , … ,𝑄𝑄𝑁𝑁𝑛𝑛 ,𝑃𝑃𝑁𝑁1 , … ,𝑃𝑃𝑁𝑁𝑛𝑛  � 

                                          (3.3) 

Given the issues for negotiations, any offer or bid made by the prosumer and consumer 

will consist of the trader’s preferred values for each issue.  

3.3. The Negotiation Agents 

Negotiation agents are the set of software programs bargaining on behalf of their 

respective (human) users, households, or entities. In the proposed automated negotiations 

framework, this refers to the software agents representing the electricity prosumer and 

consumer, respectively. Thus, the modeling of these negotiating agents is presented in 

this section. This consists mainly in determining the utility functions of the negotiating 

agents. This utility function is defined for each offer and bid and represents the agent’s 

preference or valuation of an offer or bid. Thus, an agent will have a higher utility or 

preference for any offer/bid with its desired quantities than an offer (or bid) with less 

preferred quantities. More so, as negotiating agents often have conflicting interests, it is 

necessary to clearly distinguish between the negotiating agent representing the prosumer 

and that representing the consumer.  

3.3.1. Buyer Agent Model 

In this framework, the Buyer agent is the negotiating agent representing the consumer. It 

is so-called because it seeks to buy electricity at the cheapest price possible for the 

consumer, being a rational self-interested agent. Therefore, to accurately model the utility 

function of the Buyer agent, the objective of the consumer being represented must be first 

understood. In the proposed automated negotiations framework, the consumer 

represented by the Buyer agent is a household without any VRE generation assets but 

desirous to purchase the required electricity from any peer with surplus generation from 

its vRE generator. Thus, the Buyer agent’s utility function for a bid/offer (𝑚𝑚𝑘𝑘
𝐴𝐴) is defined 

as a function of the electricity quantities meeting its demand and the total cost-savings 

obtainable with the offer. This is given in equation (3.4) as follows: 



76 
 

𝒰𝒰
𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑤𝑤𝐶𝐶𝐶𝐶𝑚𝑚𝑘𝑘
𝐴𝐴 + 𝑤𝑤𝑄𝑄𝐹𝐹𝑚𝑚𝑘𝑘

𝐴𝐴     (3.4) 

Where 𝑤𝑤𝐶𝐶 and 𝑤𝑤𝑄𝑄 are weight coefficients such that 𝑤𝑤𝐶𝐶  + 𝑤𝑤𝑄𝑄  =  1  with 𝑤𝑤𝐶𝐶 

representing the weighted importance attributed by the Buyer agent to the expected cost-

savings, while 𝑤𝑤𝑄𝑄 represents the weighted importance attributed by the Buyer agent to 

the quantity of electricity contained in any offer/bid. 𝐶𝐶𝑚𝑚𝑘𝑘
𝐴𝐴 represents the total cost-savings 

obtainable with any offer received 𝑚𝑚𝑘𝑘
𝐵𝐵𝐴𝐴�����⃗  or bid proposed 𝑚𝑚𝑘𝑘

𝐴𝐴𝐵𝐵�����⃗ , and is given in equation 

(3.5) as:  

𝐶𝐶𝑚𝑚𝑘𝑘
𝐴𝐴  =  

∑ 𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑛𝑛

𝑖𝑖=1 𝐶𝐶𝑔𝑔𝑖𝑖  −  ∑ 𝑞𝑞𝑁𝑁𝑖𝑖𝑝𝑝𝑁𝑁𝑖𝑖
𝑛𝑛
𝑖𝑖=1

∑ 𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑛𝑛

𝑖𝑖=1 𝐶𝐶𝑔𝑔𝑖𝑖  −  ∑ 𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑛𝑛

𝑖𝑖=1 𝑚𝑚𝑝𝑝𝑛𝑛 𝑃𝑃𝑁𝑁𝑖𝑖
 

   (3.5) 

𝑞𝑞𝑁𝑁𝑖𝑖  and 𝑝𝑝𝑁𝑁𝑖𝑖  are the quantity of electricity and price at period 𝑁𝑁𝑖𝑖 that constitute an offer 

or bid under consideration 𝑚𝑚𝑘𝑘
𝐴𝐴, while 𝑞𝑞𝑁𝑁𝑖𝑖

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 is the electricity quantity required by the 

Buyer agent for a period 𝑁𝑁𝑖𝑖.  Also, for each period 𝑁𝑁𝑖𝑖 under consideration, 𝐶𝐶𝑔𝑔𝑖𝑖  is defined 

as the minimum between the price of electricity on the grid (where available) and the cost 

of generating one unit of electricity from a fossil-fuel (gasoline or diesel) generator owned 

by the consumer for use when there is no deal or grid electricity. This is relevant, 

especially in regions without adequate access to electricity like sub-Saharan Africa, where 

due to the lack of electricity supply, consumers use small fuel-based generators to 

generate their required electricity. Where there is no grid nor generator supply, 𝐶𝐶𝑔𝑔𝑖𝑖  is equal 

to 𝑝𝑝𝑁𝑁𝑖𝑖
𝑚𝑚𝑎𝑎𝑥𝑥  =  𝑚𝑚𝑚𝑚𝑥𝑥 𝑃𝑃𝑁𝑁𝑖𝑖 which is the highest possible price for a period 𝑁𝑁𝑖𝑖, while 𝑚𝑚𝑝𝑝𝑛𝑛𝑃𝑃𝑁𝑁𝑖𝑖 is 

the minimum value of 𝑃𝑃𝑁𝑁𝑖𝑖 that can be traded in the period under negotiation. This ‘cost-

savings’ expression ensures that the utility of an offer with a high cost-saving will have a 

higher utility than the utility of an offer trading the same quantity of electricity but with 

a lower cost-saving. It will also prevent the Buyer agent from negotiating electricity at a 

cost higher than the price of the grid electricity or the cost of a self-owned fossil-fuel 

generator. 

Similarly, the term 𝐹𝐹𝑚𝑚𝑘𝑘
𝐴𝐴  in equation (3.2) is defined as the Buyer agent’s weighted sub-

utility for the quantities of electricity per period that constitutes the offer. This 𝐹𝐹𝑚𝑚𝑘𝑘
𝐴𝐴  is 

defined in equation (3.6) as: 
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𝐹𝐹𝑚𝑚𝑘𝑘
𝐴𝐴  =  ��𝐹𝐹𝑟𝑟𝑁𝑁𝑖𝑖  ×  𝑤𝑤𝑁𝑁𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

  

    (3.6) 

Where 𝐹𝐹𝑟𝑟𝑁𝑁𝑖𝑖  represents the comparison between the values of electricity quantity per 

period 𝑁𝑁𝑖𝑖 and the required electricity quantity for the same period, and 𝑤𝑤𝑁𝑁𝑖𝑖  – the weighted 

function indicating the Buyer agent’s preferred valuation for the different periods 𝑁𝑁𝑖𝑖. This 

is necessary because the Buyer agent may not deem each period as being equally 

important. For example, a Buyer agent may require 0.5 kWh and 1 kWh of electricity for 

the night 𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡 and morning 𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 periods, respectively. Although more electricity 

is required for the morning period, the Buyer agent may have more value for the 

electricity required during the night period 𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡. Hence, this period is deemed more 

crucial and it is important to identify and elicit this distinction to accurately model the 

agent’s sub-utility. Therefore 𝑤𝑤𝑁𝑁𝑖𝑖 is defined in equation (3.7) as:  

𝑤𝑤𝑁𝑁𝑖𝑖  =  
𝑤𝑤𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟

∑ 𝑤𝑤𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑛𝑛

𝑖𝑖=1
    

    (3.7) 

With 𝑤𝑤𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 representing the agent’s weight of importance for each period 𝑁𝑁𝑖𝑖.  

Therefore, the Buyer agent will have the highest sub-utility 𝐹𝐹𝑚𝑚𝑘𝑘
𝐴𝐴  for any offer whose 

electricity quantities per period match its required electricity quantities for the same 

periods. This will also be the case where the Buyer agent indicates a demand elasticity 

preference for any specific period 𝑁𝑁𝑖𝑖. As this indicates a willingness to purchase more 

electricity, the sub-utility for electricity quantities that are greater than the required 

quantities �𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟� will also be equal to 1. Otherwise, it is equal to zero if the Buyer 

agent indicates no demand elasticity for the period. This is similar to where the Buyer 

agent indicates no flexibility in its demand. The sub-utility will then be equal to zero when 

the Buyer agent has no flexibility and when the quantity of electricity for the period is 

less than the quantity required. This is shown in equation (3.8) as:  
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𝐹𝐹𝑟𝑟𝑁𝑁𝑖𝑖 =  

⎩
⎪
⎨

⎪
⎧ 1                                                      𝑝𝑝𝑓𝑓  𝑞𝑞𝑁𝑁𝑖𝑖  >  𝑞𝑞𝑁𝑁𝑖𝑖

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟  ∧  𝛾𝛾𝑁𝑁𝑖𝑖  =  1 

𝑚𝑚𝑝𝑝𝑛𝑛 �𝑞𝑞𝑁𝑁𝑖𝑖 ,  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟�  +  𝜀𝜀 

𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟  +  𝜀𝜀

,     𝑝𝑝𝑓𝑓  𝑞𝑞𝑁𝑁𝑖𝑖  ≤  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟  ∧  𝜑𝜑𝑁𝑁𝑖𝑖  =  1 

0                                                       𝑝𝑝𝑓𝑓  𝑞𝑞𝑁𝑁𝑖𝑖  <  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟  ∧  𝜑𝜑𝑁𝑁𝑖𝑖  =  0 

  

(3.8) 

Where 𝛾𝛾𝑁𝑁𝑖𝑖 is the demand elasticity factor, 𝜑𝜑𝑁𝑁𝑖𝑖 – the demand flexibility factor, and 𝜀𝜀 – a 

number such that 𝜀𝜀 ≪  1 allows 𝐹𝐹𝑟𝑟𝑁𝑁𝑖𝑖  to be defined even for a period where the required 

electricity  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟  =  0.  It can thus be seen that 𝐹𝐹𝑟𝑟𝑁𝑁𝑖𝑖is equal to 1 when the agent 

receives an offer that meets his required consumption exactly or when the elasticity 

coefficient is equal to 1. 

It is also important to determine the agent’s ideal and reservation offer. The ideal utility 

is the maximum utility that can be attained by the agent. It is usually the utility of the 

agent’s most preferred choice of quantities (values) per issue; that is the outcome that 

offers the agent the greatest satisfaction. Considering the Buyer agent’s objective for 

participating in the negotiations, this is typically the offer/bid that contains its required 

electricity quantities per period but at the minimum unit price possible, as given in 

equation (3.9a). While the reservation utility is the bid or offer that holds the least utility 

(satisfaction) for the Buyer agent, wherein any offer or bid with a utility less than the 

reservation utility/offer of the Buyer agent will be rejected. Also denoted/described in this 

thesis as the Threshold utility, it is dependent on the agent’s preference for the different 

issues for which the different agents will have their different Threshold utilities. For 

example, a Buyer agent’s threshold utility 𝒰𝒰𝑚𝑚𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝐵𝐵𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟  could be the utility for a bid 

�𝑚𝑚𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑟𝑟ℎ𝑚𝑚𝑜𝑜𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 � that contains the least quantity of electricity per period and the maximum 

unit price, defined in equation (3.9b). 

𝒎𝒎𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰
𝑩𝑩𝑩𝑩𝑩𝑩𝑰𝑰𝑩𝑩  =  ��𝑞𝑞𝑁𝑁1

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟�, 

                                    min
𝒫𝒫
��𝑝𝑝𝑁𝑁1

𝑚𝑚𝑖𝑖𝑛𝑛, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑚𝑚𝑖𝑖𝑛𝑛�, �𝑝𝑝𝑁𝑁1

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, . . . , 𝑝𝑝𝑁𝑁𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟��� 

(3.9a) 

𝒎𝒎𝑻𝑻𝑻𝑻𝑩𝑩𝑰𝑰𝑻𝑻𝑻𝑻𝑻𝑻𝑰𝑰𝑰𝑰
𝑩𝑩𝑩𝑩𝑩𝑩𝑰𝑰𝑩𝑩  =  �min

𝒬𝒬
��𝑞𝑞𝑁𝑁1

𝑚𝑚𝑖𝑖𝑛𝑛, . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
𝑚𝑚𝑖𝑖𝑛𝑛�, �𝑞𝑞𝑁𝑁1

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟�� , 
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                                    max
𝒫𝒫
��𝑝𝑝𝑁𝑁1

𝑚𝑚𝑎𝑎𝑥𝑥, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑚𝑚𝑎𝑎𝑥𝑥�, �𝑝𝑝𝑁𝑁1

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟��� 

(3.9b) 

3.3.2. Seller Agent Model 

In the proposed automated negotiations framework, the Seller agent represents a 

prosumer with a VRE micro-generation asset such as an off-grid solar PV system with 

battery storage, a micro-wind turbine with battery, etc. In practice, the Seller agent could 

also be a generator with a fossil fuel engine but in this study, the Seller agent is strictly 

constrained to a prosumer with VRE generation asset in order to promote the use of 

renewable energy technologies and reduce GHG emissions from fossil fuel combustion. 

To model the Seller agent’s utility function, the prosumer’s objective in participating in 

the negotiations needs to be first understood. Here, the prosumer is modelled as being 

interested in making some profit from trading its surplus and unutilised VRE generation 

to other peers in the LEM. Surplus here specifically refers to any surplus generation from 

the installed VRE asset after meeting its own demand and fully charging its battery. While 

unutilised here implies any electricity that is not being utilised by the prosumer. This 

includes any unused electricity stored in the battery.  

The rational Seller agent modelled in this thesis prefers selling its surplus electricity, 

especially in single-price automated negotiations where the same unit price of electricity 

is proposed for all the periods of consumption. This is due to the high cost of battery 

replacements, with the battery often being the most replaceable component in any VRE 

system. Thus, electricity quantities sold during the period of resource availability are not 

dependent on the batteries and so do not require battery cycling. This is very important 

as the useful life of the battery is intrinsically tied to its number or frequency of cycles 

and its depth of discharge per cycle [215]. There are full cycles and partial cycles but 

regardless of depth, each cycling reduces the battery life and increases the need for 

replacement, thus, generating more expenses [144]. As the surplus generation sold during 

periods of resource availability infers a higher profit for the Seller agent, the Seller agent 

prefers to sell this surplus electricity, and at the highest price possible. This preference is 

indicated in its weight coefficients where 𝑤𝑤𝓅𝓅 represents the agent’s preference for 

price/profits and 𝑤𝑤𝓆𝓆 – the weight for the electricity quantities per period. Given this 

objective, the utility function of the Seller agent for a bid received or proposed is: 
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𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎  =  �
𝑤𝑤𝓅𝓅𝑅𝑅𝑚𝑚𝑘𝑘

𝐴𝐴 + 𝑤𝑤𝓆𝓆𝐸𝐸𝑚𝑚𝑘𝑘
𝐴𝐴                         𝑝𝑝𝑓𝑓  𝑚𝑚𝑘𝑘

𝐴𝐴 𝑝𝑝𝑖𝑖 𝑓𝑓𝑝𝑝𝑚𝑚𝑖𝑖𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝

0                                               𝑝𝑝𝑓𝑓  𝑚𝑚𝑘𝑘
𝐴𝐴 𝑝𝑝𝑖𝑖 𝑛𝑛𝑝𝑝𝑡𝑡 𝑓𝑓𝑝𝑝𝑚𝑚𝑖𝑖𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝

 

        (3.10) 

Where an offer 𝑚𝑚𝑘𝑘
𝐴𝐴 is said to be feasible when for each specified period of supply 

availability 𝑁𝑁𝑖𝑖𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎 . The Seller agent has enough electricity to meet its own electrical 

needs and that of the quantities proposed in the bid received. Algorithm 1 presents the 

steps followed by the Seller agent to distinguish between its feasible and unfeasible offers, 

wherein 𝑅𝑅𝑚𝑚𝑘𝑘
𝐴𝐴  is the expected profit from the sale of an offer 𝑚𝑚𝑘𝑘

𝐴𝐴 and is given in equation 

(3.11) as: 

𝑅𝑅𝑚𝑚𝑘𝑘
𝐴𝐴  =  

∑ 𝑞𝑞𝑁𝑁𝑖𝑖
𝑛𝑛
𝑖𝑖=1 𝑝𝑝𝑁𝑁𝑖𝑖  −  ∑ 𝑞𝑞𝑁𝑁𝑖𝑖

𝑛𝑛
𝑖𝑖=1 𝑀𝑀𝐶𝐶𝑁𝑁𝑖𝑖

∑ 𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎𝑛𝑛

𝑖𝑖=1 �𝑚𝑚𝑚𝑚𝑥𝑥𝑃𝑃𝑁𝑁𝑖𝑖 − 𝑀𝑀𝐶𝐶𝑁𝑁𝑖𝑖�
 

   (3.11) 

Where 𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎 is the surplus or unutilised electricity available for supply for each 

period specified 𝑁𝑁𝑖𝑖
𝑟𝑟𝑠𝑠𝑎𝑎𝑠𝑠𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝑟𝑟 by the Seller agent; 𝑞𝑞𝑁𝑁𝑖𝑖 is the proposed electricity quantity 

per period; 𝑝𝑝𝑁𝑁𝑖𝑖  is the proposed unit price of electricity per period; 𝑚𝑚𝑚𝑚𝑥𝑥𝑃𝑃𝑁𝑁𝑖𝑖 is the 

maximum price possible that the electricity quantities can be traded for per period; while 

𝑀𝑀𝐶𝐶𝑁𝑁𝑖𝑖 is the seller’s marginal cost of producing one unit of electricity per period specified 

and it is the Seller agent’s private information. Likewise, the term 𝐸𝐸𝑚𝑚𝑘𝑘
𝐴𝐴  in equation (3.10) 

is defined as the Seller agent’s weighted sub-utility for the proposed quantities of 

electricity per period that constitutes the offer. This 𝐸𝐸𝑚𝑚𝑘𝑘
𝐴𝐴  is defined in equation (3.12) as: 

𝐸𝐸𝑚𝑚𝑘𝑘
𝐴𝐴  =  ��𝐸𝐸𝑟𝑟𝑁𝑁𝑖𝑖  ×  𝑤𝑤𝑁𝑁𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

 

(3.12) 

Where 𝐸𝐸𝑟𝑟𝑁𝑁𝑖𝑖  represents the comparison between the proposed values of electricity quantity 

per period 𝑁𝑁𝑖𝑖 and the available electricity quantity for the same period, and 𝑤𝑤𝑁𝑁𝑖𝑖 – the 

weighted function indicating the Seller agent’s preference to supply electricity for the 

different periods 𝑁𝑁𝑖𝑖. This is necessary because as previously discussed, the Seller agent 

may prefer selling its surplus generation during periods of resource availability. In any 

case, this function enables the Seller agent to willingly indicate its preferred period of 

electricity supply and subsequently get a higher utility for this preferred period of supply. 
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For example, a Seller agent with surplus electricity of 1 kWh for sale preferably during 

the afternoon period, will receive the same utility for profit if the electricity were sold at 

the same unit price but for use during another period. This indicates that the trade offers 

the Seller agent the same utility, irrespective of the period supplied. However, the 𝑤𝑤𝑁𝑁𝑖𝑖 
function accurately models the agent’s higher utility for the same quantity of electricity 

if sold for use during the agent’s preferred period of availability, and the lower utility 

when sold for any other period. Therefore 𝑤𝑤𝑁𝑁𝑖𝑖 is defined in equation (3.13) as:  

𝑤𝑤𝑁𝑁𝑖𝑖  =  
𝑤𝑤𝑁𝑁𝑖𝑖
𝑟𝑟𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎

∑ 𝑤𝑤𝑁𝑁𝑖𝑖
𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑛𝑛

𝑖𝑖=1
    

    (3.13) 

With 𝑤𝑤𝑁𝑁𝑖𝑖
𝑟𝑟𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎  representing the agent’s weight of importance for each period 𝑁𝑁𝑖𝑖.  

Therefore, the Seller agent will have the highest sub-utility 𝐸𝐸𝑚𝑚𝑘𝑘
𝐴𝐴  for the bid with the same 

electricity quantities per period as its available electricity quantities for the same periods. 

Wherein 𝐸𝐸𝑟𝑟𝑁𝑁𝑖𝑖  is given in equation (3.14) as: 

𝐸𝐸𝑟𝑟𝑁𝑁𝑖𝑖 =  �

𝑚𝑚𝑝𝑝𝑛𝑛 �𝑞𝑞𝑁𝑁𝑖𝑖 ,  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎�  +  𝜀𝜀 

𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎  +  𝜀𝜀

,     𝑝𝑝𝑓𝑓  𝑞𝑞𝑁𝑁𝑖𝑖  ≤  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎  ∧  𝜑𝜑𝑁𝑁𝑖𝑖  =  1 

0                                                       𝑝𝑝𝑓𝑓  𝑞𝑞𝑁𝑁𝑖𝑖  >  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎  ∧  𝜑𝜑𝑁𝑁𝑖𝑖  =  0 

 

(3.14) 

𝜑𝜑𝑁𝑁𝑖𝑖 is the supply flexibility factor indicating the Seller agent’s willingness to sell fewer 

quantities than its available quantity, while 𝜀𝜀 is a number such that 𝜀𝜀 ≪  1.  This allows 

𝐸𝐸𝑟𝑟𝑁𝑁𝑖𝑖  to be defined even for a period where the available electricity  𝑞𝑞𝑁𝑁𝑖𝑖
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎  =  0.  It 

can thus be seen that 𝐸𝐸𝑟𝑟𝑁𝑁𝑖𝑖is equal to 1 when the agent receives an offer that exactly 

matches its available capacity per period.  

Algorithm 1: Check for offer feasibility 
Inputs: 
1.  𝑺𝑺 =  �𝑚𝑚𝑘𝑘

𝐴𝐴� Set of offers to be considered 
2.  𝑺𝑺𝑻𝑻𝑺𝑺𝒎𝒎𝑰𝑰𝒎𝒎 = Maximum battery capacity (∞ if no battery) 
3.  𝑆𝑆𝑝𝑝𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖𝑡𝑡 = Initial battery capacity at the start of the day (0 if no battery) 
4. 𝑫𝑫𝑫𝑫𝑫𝑫 =  {𝐷𝐷𝐸𝐸𝑅𝑅𝑁𝑁𝑖𝑖} Set of forecasted renewable energy production at each period 
5. 𝑮𝑮𝒎𝒎𝑰𝑰𝒎𝒎 = the maximum power of the conventional fossil-fuel-powered asset (0 if 

no conventional supply) 
6. 𝑸𝑸 =  �𝑞𝑞𝑁𝑁𝑖𝑖

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟� Set of 4 electricity quantities that need to be self-supplied by 
the seller at each period Ni 
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Initialize: 
7.    𝑼𝑼 = �𝑈𝑈𝑚𝑚𝑘𝑘

𝐴𝐴  ← 𝑅𝑅𝑚𝑚𝑘𝑘
𝐴𝐴� the space of outcomes (utility) for the considered set of 

offers 𝑺𝑺 
8.  For 𝑚𝑚𝑘𝑘

𝐴𝐴 = (𝑞𝑞𝑁𝑁1 , … , 𝑞𝑞𝑁𝑁𝑁𝑁 , … ) ∈ 𝑺𝑺 do 
9.  𝑆𝑆𝑝𝑝𝐶𝐶 = 𝑆𝑆𝑝𝑝𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖𝑡𝑡 
10.    For i = 1 to 4 do 
11.        𝑆𝑆𝑝𝑝𝐶𝐶 = min(𝑆𝑆𝑝𝑝𝐶𝐶 + 𝐷𝐷𝐸𝐸𝑅𝑅𝑁𝑁𝑖𝑖 + 𝐺𝐺𝑚𝑚𝑎𝑎𝑥𝑥 − 𝑞𝑞𝑁𝑁𝑖𝑖

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 , 𝑆𝑆𝑝𝑝𝐶𝐶𝑚𝑚𝑎𝑎𝑥𝑥) 
12.        if 𝑆𝑆𝑝𝑝𝐶𝐶 <  𝑞𝑞𝑁𝑁𝑖𝑖 then 
13.            𝑈𝑈𝑚𝑚𝑘𝑘

𝐴𝐴 = 0  
14.       end if  
15.    end for 
16.  end for 
17. Return 𝑼𝑼 

Similar to the Buyer agent, it is important to determine the Seller agent’s ideal and 

reservation offers/utilities. The Seller agent’s ideal utility is the maximum utility that the 

Seller agent can receive from the negotiations. Given the Seller agent’s objective for 

participating in the negotiations, this will typically be the utility of the offer that contains 

its available electricity quantities per period and trading at the maximum unit price 

possible, as shown in equation (3.15a). Similarly, the Seller agent’s reservation utility is 

the bid or offer that holds the least utility (satisfaction) for the Seller agent, wherein any 

offer or bid with a utility less than the reservation utility/offer of the Seller agent will be 

rejected. Also known as the Seller Threshold utility 𝒰𝒰𝑚𝑚𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝑆𝑆𝑟𝑟𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟 . This utility depends on 

the Seller agent’s individual preference for the different issues. Hence, different Seller 

agents will have their different distinct Threshold utilities. For example, a Seller agent’s 

threshold utility can be given as the utility of an offer �𝑚𝑚𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑟𝑟ℎ𝑚𝑚𝑜𝑜𝑟𝑟
𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 � which contains the 

least quantity of electricity per period as well as the minimum price value, as defined in 

equation (3.15b): 

𝒎𝒎𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰
𝑺𝑺𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩  =  ��𝑞𝑞𝑁𝑁1

𝐴𝐴𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎, . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
𝐴𝐴𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎�, 

                                    max
𝒫𝒫
��𝑝𝑝𝑁𝑁1

𝑚𝑚𝑎𝑎𝑥𝑥, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑚𝑚𝑎𝑎𝑥𝑥�, �𝑝𝑝𝑁𝑁1

𝑟𝑟𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑟𝑟𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟��� 

(3.15a) 

𝑚𝑚𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑟𝑟ℎ𝑚𝑚𝑜𝑜𝑟𝑟
𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎  =  �𝑚𝑚𝑝𝑝𝑛𝑛

𝒬𝒬
��𝑞𝑞𝑁𝑁1

𝑚𝑚𝑖𝑖𝑛𝑛, . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
𝑚𝑚𝑖𝑖𝑛𝑛�, �𝑞𝑞𝑁𝑁1

𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎 , . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎�� , 

                                    𝑚𝑚𝑝𝑝𝑛𝑛
𝒫𝒫
��𝑝𝑝𝑁𝑁1

𝑚𝑚𝑖𝑖𝑛𝑛, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑚𝑚𝑖𝑖𝑛𝑛�, �𝑝𝑝𝑁𝑁1

𝑟𝑟𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
𝑟𝑟𝑎𝑎𝑟𝑟𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟��� 

(3.15b) 
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Subsequently, the next section presents the framework for the agent automated 

negotiations proposed in this study. 

3.4. Bilateral Negotiations Framework 

Having defined the issues to be negotiated and the utility functions of the respective Buyer 

and Seller agents, this section presents the actual automated negotiations proposed in this 

thesis for bilateral P2P electricity trading. It describes the negotiation protocol used and 

the different heuristic strategies that can be deployed by agents in the negotiations.  

3.4.1.  The Negotiation Protocol 

The negotiation protocol defines the rules of the agents' interactions during negotiations. 

This includes the type of offers that can be exchanged, the composition and validity of an 

offer, the maximum number of offers each agent can propose per round of negotiations, 

the different steps that each agent has to follow in the negotiation, what constitutes a ‘no 

deal’ negotiations scenario, and the different strategies proposed for the agents in this 

study.  

The proposed automated negotiation is multi-issue as it consists of more than one issue 

that needs to be negotiated and agreed upon. Being a multi-issue negotiation, the issues 

are analysed using a ‘package-deal procedure (PDP)’ wherein all the issues are addressed 

at once [103]. Thus, the negotiation set of all possible outcomes – also known as the 

negotiation domain and denoted as Ω – is the cartesian product of all the issues for 

negotiation. As shown in equation (3.16a), it is also the set of all feasible offers and bids 

that can be proposed by the agents during the negotiations. Therefore, any offer or bid 

proposed by an agent “A” in this automated negotiations framework is contained in the 

negotiation domain  (𝑚𝑚𝑘𝑘
𝐴𝐴  ∈  𝛺𝛺𝐼𝐼). As denoted in equation (3.16b), the offer/bid must 

consist of values from all the issues to be agreed upon, wherein 𝑞𝑞𝑁𝑁𝑖𝑖 and 𝑝𝑝𝑁𝑁𝑖𝑖 are 

respectively the electricity quantities and price per period of consumption. 

𝛺𝛺𝐼𝐼  =  ��𝑞𝑞𝑁𝑁1 , . . . , 𝑞𝑞𝑁𝑁𝑛𝑛 ,𝑝𝑝𝑁𝑁1 , . . . ,𝑝𝑝𝑁𝑁𝑛𝑛 , ��∀ 𝑝𝑝 𝑞𝑞𝑁𝑁𝑖𝑖 ,𝑝𝑝𝑁𝑁𝑖𝑖 ∈ 𝑃𝑃𝑁𝑁 �             (3.16a) 

𝑚𝑚𝑘𝑘
𝐴𝐴  =  �𝑞𝑞𝑁𝑁1 , … , 𝑞𝑞𝑁𝑁𝑛𝑛 ,𝑝𝑝𝑁𝑁1 , … ,𝑝𝑝𝑁𝑁𝑛𝑛�      (3.16b) 

The proposed automated negotiation framework also consists of a Rubinstein alternating 

offers protocol [228]. This is an alternating exchange of bundled multi-discrete bids and 

offers 𝑚𝑚𝑘𝑘
𝐴𝐴 representing an agent’s preferred electricity quantities and prices for each 
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period (illustrated in section 2.4.1 of the previous chapter). For instance, an alternating 

offers negotiation protocol between the Seller and Buyer agents will consist of the 

following steps: 

• From the set of discrete values that constitute the different negotiation issues, the 

Buyer agent will evaluate and determine its preferred quantity per the 

corresponding issue. It then proceeds to propose this as a package-deal bid 𝑚𝑚𝑘𝑘
𝐵𝐵𝑆𝑆�����⃗  

to the Seller agent. 

• The Seller agent receives the bid and either accepts or rejects it.  

o If it accepts the bid, then the negotiation is successfully over with an 

outcome mutually satisfying and acceptable to both agents.  

o But if the bid is rejected, then the Seller agent determines and evaluates its 

own preferred quantities per issue and proposes this as a counteroffer 𝒎𝒎𝒌𝒌
𝑺𝑺𝑩𝑩�����⃗  

• Likewise, the Buyer agent can either accept the counteroffer proposed by the 

Seller agent or reject it and present its own counteroffer.  

• This process of alternating offers continues until the limits of each exchange are 

reached or either agent ends the negotiation with a no-deal outcome, if and only 

if the protocol being used allows for this action. 

Furthermore, the negotiation protocol utilised in this automated negotiations framework 

awards each agent a maximum number of rounds 𝑗𝑗 =  {1, 2, . . ., 𝒥𝒥} where it proposes a 

bid/offer to its opponent. Thus, negotiation is termed successful when an outcome is 

reached by the agents before the expiration of the rounds. Else, if no outcome is reached 

before the expiration of the rounds, the negotiation cycle is deemed unsuccessful. The 

protocol also prohibits the repetition of previously unaccepted bids and offers. This is to 

prevent strategic delays by agents in the negotiations wherein an agent may seek to stall 

the negotiations in a bid to force the opponent into accepting an unsavoury bid or offer 

than a failed outcome or negotiation. Nevertheless, a previously rejected bid or offer can 

be recalled and accepted by either agent. This is based on the premise that bids and offers 

are proposed in order of descending preference whereby the utility of the first offer/bid 

made will always have a greater utility (preference) to all subsequent offers/bids made 

�𝒰𝒰𝑚𝑚1
𝒜𝒜 ≫ 𝒰𝒰𝑚𝑚𝑘𝑘

𝒜𝒜 �. Thus, an agent will always prefer the outcome of a previous bid/offer 

made to that of a conceded bid or offer. Therefore, a previously rejected bid/offer can be 

recalled and accepted by the agent who rejected it. This way, agents are allowed to have 

a change of artificial mind in this protocol. 
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3.4.2. Agent Negotiation Strategies 

The negotiation strategy enumerates the steps or methods with which the agents generate 

and accept a bid or offer. In this study, the time-dependent heuristic strategies of Ref. 

[237] and the “Zero Intelligence” trader strategy [238] were adapted for simulation by the 

negotiating agents. These strategies which will be simulated in the next section to validate 

the proposed automated negotiation framework, are described below. 

• Zero Intelligence (ZI) Strategy 

The first strategy to be considered is the Zero Intelligence (ZI) strategy. This strategy will 

serve as the baseline strategy in determining the feasibility of the proposed negotiations’ 

framework and the efficiency of the other heuristics strategies. The ZI strategy is so-called 

because the agent is said to deploy no intelligent consideration of its choice of bids/offers 

to make, nor does it intelligently evaluate a received offer/bid. The ZI strategy consists 

of randomly generating bids 𝑚𝑚𝑍𝑍𝐼𝐼
𝐴𝐴  from the agent’s set of feasible bids (or outcomes), with 

the utility of any randomly generated ZI bid/offer greater than or equal to the agent’s 

Threshold utility, as shown in equation (3.17). Likewise, any received bid or offer is 

evaluated using the same strategy, whereby if the utility of the received offer is greater 

than or equal to the agent’s threshold utility, then the offer will be accepted. Thus: 

𝑚𝑚𝑍𝑍𝐼𝐼
𝐴𝐴  =  �𝑚𝑚𝑍𝑍𝐼𝐼

𝐴𝐴 ∈ 𝛺𝛺𝐼𝐼𝐴𝐴 � 𝒰𝒰𝑚𝑚𝑍𝑍𝑍𝑍
𝐴𝐴 ≥  𝒰𝒰𝑚𝑚𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜

𝐴𝐴 � 

(3.17) 

• Linear Heuristic (LH) Strategy  

In the proposed automated negotiations framework, an agent deploying the LH strategy 

linearly concedes its utility from its ideal to its threshold utilities. So, for each consecutive 

round of bargaining {𝑗𝑗 ∈ 𝒥𝒥} where 𝒥𝒥 is the total number of negotiation rounds  and 

starting with its most preferred choice of values per issues 𝑚𝑚𝐼𝐼𝑟𝑟𝑎𝑎𝑎𝑎𝑜𝑜
𝐴𝐴 , the agent linearly 

concedes its preferences until it gets to the last round of negotiations, where it proposes 

its least-preferred choice of values or offers; that is, the threshold offer 𝑚𝑚𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑟𝑟ℎ𝑚𝑚𝑜𝑜𝑟𝑟
𝐴𝐴  Except 

an outcome is reached. In deploying this strategy, the agent first defines its minimal utility 

𝒰𝒰𝑗𝑗𝐴𝐴 and its set of minimal offers mj
A for each round of negotiations as shown in equation 

(3.18b). It then evaluates the utility of a received bid against its minimal utility for that 

round. If the utility of the received offer is greater than or equal to the minimal utility 
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�𝒰𝒰
𝑚𝑚𝑘𝑘
𝐵𝐵𝐴𝐴������⃗ ≥  𝒰𝒰𝑗𝑗𝐴𝐴�, then the offer is accepted, and the negotiations concluded as successful. 

Thus, for each round of bargaining 𝑗𝑗, the minimal utility is defined in equation (3.18a) as: 

𝒰𝒰𝑗𝑗𝐴𝐴 =  𝒰𝒰𝑚𝑚𝑍𝑍𝑜𝑜𝑟𝑟𝐼𝐼𝑜𝑜
𝐴𝐴 −  ��𝒰𝒰𝑚𝑚𝑍𝑍𝑜𝑜𝑟𝑟𝐼𝐼𝑜𝑜

𝐴𝐴 −  𝒰𝒰𝑚𝑚𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝐵𝐵𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟 � × �

𝑗𝑗
𝒥𝒥
�
1
𝛽𝛽�
�   𝑤𝑤ℎ𝑝𝑝𝑝𝑝𝑝𝑝 𝛽𝛽 =  1 

(3.18a) 

𝒮𝒮�𝑚𝑚𝑗𝑗
𝐴𝐴� = �𝑚𝑚𝑗𝑗

𝐴𝐴 ∈ 𝛺𝛺𝐼𝐼𝐴𝐴�𝒰𝒰𝑚𝑚𝑗𝑗
𝐴𝐴 ≥  𝒰𝒰𝑗𝑗𝐴𝐴 � 

(3.18b) 

Where 𝒥𝒥 is the maximum number of rounds in the negotiation as stated in the negotiation 

protocol and 𝛽𝛽 is the rate of concession given as 1 in the linear heuristic strategy. Where 

the utility of the received bid is less than the minimal utility �𝒰𝒰
mk
BA������⃗ <  𝒰𝒰𝑗𝑗𝐴𝐴�, this bid is 

rejected. Then from its set of minimal offers defined in equation (3.19b), the agent 

proposes to its opponent a counteroffer – defined in equation (3.19b) – that is closest to 

the rejected offer received from the opponent.  Hence,  the proximity between the rejected 

bid 𝑚𝑚𝑘𝑘
𝐵𝐵𝐴𝐴�����⃗ =  �𝑞𝑞𝑁𝑁1

∗ , . . . , 𝑞𝑞𝑁𝑁𝑛𝑛
∗ ,𝑝𝑝𝑁𝑁1

∗ , . . . ,𝑝𝑝𝑁𝑁𝑛𝑛
∗ � and the set of minimal offers 𝒮𝒮�𝑚𝑚𝑗𝑗

𝐴𝐴� is calculated 

as the Euclidean distance between the rejected bid and each of the minimal offers. This 

is  

𝑝𝑝𝑖𝑖∈𝑗𝑗|1≤𝑖𝑖≤𝑗𝑗  

=  ��𝑞𝑞𝑁𝑁1
𝑖𝑖 − 𝑞𝑞𝑁𝑁1

∗ �
2

+  … +  �𝑞𝑞𝑁𝑁1
𝑖𝑖 − 𝑞𝑞𝑁𝑁𝑛𝑛

∗ �
2

+ �𝑝𝑝𝑁𝑁1
𝑖𝑖 − 𝑝𝑝𝑁𝑁1

∗ �
2

+  … +  �𝑝𝑝𝑁𝑁𝑛𝑛
𝑖𝑖 − 𝑝𝑝𝑁𝑁𝑛𝑛

∗ �
2

  

(3.19c) 

𝑚𝑚𝑗𝑗
𝐴𝐴𝐵𝐵�����⃗  =  𝑚𝑚𝑚𝑚𝑖𝑖𝑛𝑛

𝑜𝑜
𝐷𝐷

𝐴𝐴  

(3.19d) 

• Expert Heuristic (EH) Strategy 

 The expert heuristic strategy is akin to the Boulware strategy [237]. Like the LH strategy 

discussed above, an agent deploying the EH strategy first defines its minimal utility 𝒰𝒰𝑗𝑗𝐴𝐴 

and its set of minimal offers mj
A for each round of negotiations. Then it evaluates the 

utility of a received bid against its minimal utility for that round. If the utility of the 

received offer is greater than or equal to the minimal utility, then the offer is accepted, 
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and the negotiations concluded as successful. Otherwise, the received bid is rejected and 

from its set of minimal offers, the agent proposes a counteroffer closest to the rejected 

offer received from the opponent. Therefore, with a concession rate 𝛽𝛽 <  1, the minimal 

utility 𝒰𝒰𝑗𝑗𝐴𝐴 in the Expert heuristic strategy is given as: 

𝒰𝒰𝑗𝑗𝐴𝐴 =  𝒰𝒰𝑚𝑚𝑍𝑍𝑜𝑜𝑟𝑟𝐼𝐼𝑜𝑜
𝐴𝐴 −  ��𝒰𝒰𝑚𝑚𝑍𝑍𝑜𝑜𝑟𝑟𝐼𝐼𝑜𝑜

𝐴𝐴 −  𝒰𝒰𝑚𝑚𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝐵𝐵𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟 � × �

𝑗𝑗
𝒥𝒥
�
1
𝛽𝛽�
�  𝑤𝑤ℎ𝑝𝑝𝑝𝑝𝑝𝑝 𝜷𝜷 <  𝟏𝟏 

(3.20) 

With 𝛽𝛽 <  1, the agent deploying the EH strategy concedes its utility very slowly at the 

start of the negotiations, in a bid to elicit more favourable offers from the opponent. But 

as observed in Figure 3.2 as the negotiation progresses and the number of alternating 

offers tends to the maximum, the agent concedes much faster in other to secure an 

outcome before the end of the negotiations. 

• Conceder Heuristic (CH) Strategy 

The Conceder heuristic strategy is akin to the Linear and Expert heuristic strategies in 

that the agent defines its minimal utility 𝒰𝒰𝑗𝑗𝐴𝐴 and its set of minimal offers mj
A for each 

round of negotiations. It also evaluates the utility of a received bid against its minimal 

utility for that round. If the utility of the received offer is greater than or equal to the 

minimal utility, then the offer is accepted, and the negotiations concluded as successful. 

Otherwise, the received bid is rejected like the linear and expert heuristic strategies. Then 

from its set of minimal offers, the agent proposes a counteroffer closest to the rejected 

offer received from the opponent. Herein the minimal utility is given as: 

𝒰𝒰𝑗𝑗𝐴𝐴 =  𝒰𝒰𝑚𝑚𝑍𝑍𝑜𝑜𝑟𝑟𝐼𝐼𝑜𝑜
𝐴𝐴 −  ��𝒰𝒰𝑚𝑚𝑍𝑍𝑜𝑜𝑟𝑟𝐼𝐼𝑜𝑜

𝐴𝐴 −  𝒰𝒰𝑚𝑚𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝐵𝐵𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟 � × �

𝑗𝑗
𝒥𝒥
�
1
𝛽𝛽�
�   𝑤𝑤ℎ𝑝𝑝𝑝𝑝𝑝𝑝 𝜷𝜷 > 𝟏𝟏  

(3.21) 

However, with the concession rate of the CH strategy being any value greater than one 

(𝛽𝛽 >  1), an agent deploying the CH strategy is said to be keen to reach an outcome. This 

is because it quickly concedes its ideal utility from the start of the negotiations, as 

observed in Figure 3.2. Also, depending on the value of 𝛽𝛽, the agent can very quickly 

concede its ideal utility to reach a bargain quickly, whereby it is assumed to be desperate. 

Nevertheless, quickly conceding does not mean a lack of intelligence as the received 
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bids/offers are evaluated similarly, as if deploying either the LH or EH strategy. Instead, 

this agent is keen to reach an outcome and would rather not stall at the negotiations. 

 

Figure 3.2: Plot showing the effects of the different concession rates of Linear, Expert, and Social 

heuristic strategies on agent minimal utility  

3.5. Negotiation Simulation Testbed 

The modelled case study used to test and validate the P2P negotiation model in this thesis 

focuses on developing countries where rural and semi-urban areas often have little or no 

access to electricity. In many of these developing countries, a lack of connectivity to a 

central power grid or a weak grid scenario characterized by unreliable power supply and 

multiple power cuts as found in several parts of sub-Saharan Africa, are some of the 

attributes of their electricity supply industry. Until the development of solar PV 

technology, consumers were faced with the unpleasant choices of either being without 

electricity for the whole period of the electricity outage (sometimes up to several days) 

or using small fossil fuel-based generators. Recently, some households have invested in 

solar home systems (SHSs) integrating battery storage. However, due to the lack of 

incentive or possibility to share the excess energy inherent in such systems, large amounts 

of electricity that could serve others in the community are often unutilized and wasted.  

The settings used in this model are inspired by the Nigeria Electrification Programme 

(NEP) – a comprehensive electricity access project by the World Bank, African 

Development Bank (AfDB), and the Nigerian Rural Electrification Agency (REA) aimed 
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at accelerating electricity access in unserved and underserved rural communities in 

Nigeria – as well as the UK-India “Community-scale Energy Demand Reduction in India 

(CEDRI)” research project. CEDRI uses a combination of data-driven analytics, user 

surveys, and computational modelling to study the energy demand/consumption 

behaviour in some local communities in India. The settings include the two solar 

generation availability scenarios described below and the quantities/values used to model 

the agents’ utility functions.  

3.5.1. The Negotiation Domain and Protocol 

For the simulation testbed, the rural energy community proposed consists of a prosumer 

with SHS and a battery, and three consumers with different preferences for energy and 

prices. There are also four periods of electricity consumption described in the negotiation 

protocol, namely: Night, Morning, Afternoon, and Evening periods. For comparison 

purposes, the consumers are defined as having the same consumption needs and most 

interested in purchasing electricity for the evening period. They are participating in the 

P2P automated negotiations in other to buy clean, modern, reliable, and affordable 

electricity for their daily needs and will be represented by different Buyer agents 

deploying the different heuristics strategies. The prosumer on the other hand is 

participating in the negotiations in other to sell its surplus unutilised electricity at a profit 

to peers within the community. Thus, the prosumer will also be represented by different 

Seller agents deploying the different aforementioned negotiation strategies. Being a 

bilateral negotiation framework, the negotiations will also be directly between one Seller-

agent and one Buyer-agent at a time. Furthermore, the number of alternating offers per 

agent is limited to 50 wherein each agent can propose up to 50 offers to the opponent, and 

vice-versa before the end of a negotiation cycle. Finally, for simplicity, we only 

considered one unique price for the whole day, which limits the number of issues without 

affecting the purpose of the framework proposed. 

3.5.2. Buyer-agent Profiles 

In the proposed P2P negotiations framework, three energy consumers with similar 

electricity consumptions needs that are typical of a rural community setting are modelled. 

However, they reflect three different energy consumption behaviours. These different 

behaviours modeled are drawn from the classifications of the World Bank Multi-tier 

framework (MTF) for household electricity access wherein electricity consumers are 

categorised based on their electricity needs [14]. As shown in Table 1.1, a Tier-1 
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consumer is classified as one with a minimum daily electricity consumption of 12Wh 

(used) for basic lighting. At the same time, a Tier-5 household represents consumers with 

electricity consumption of more than 8.2kWh/day. Considering the electricity needs of 

consumers in rural and semi-rural communities, the three consumer profiles modelled in 

this framework have electricity consumption requirements that are akin to Tier-2 and 

Tier-3 consumers in the MTF. This is estimated in equation (3.22) as:  

𝒬𝒬𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎  =  �𝑞𝑞𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 , 𝑞𝑞𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟� 

=  {0.25, 0.25, 0.00, 1.00} 𝑘𝑘𝑘𝑘ℎ/𝑝𝑝𝑚𝑚𝑑𝑑 

(3.22) 

This means that the buyers require 0.25 kWh of electricity during the night period, 

0.25kWh in the morning, and 1kWh in the evening. Each consumer preference for a 

period is assumed to be equivalent to the electricity quantities required for that period and 

the consumers are also not aware of the concept of load-shifting [239]. So, their different 

energy consumption behaviours are represented in their individual preferences for the 

quantities of electricity per period and its unit price. Wherein 𝑤𝑤𝑠𝑠 signifies the consumers’ 

weighted preference for the electricity price and 𝑤𝑤𝑄𝑄 – the weighted preference for the 

electricity quantities per period.  

Thus, the three different Buyer agent profiles are described as follows: 

1. Buyer 1 agent profile is equally concerned about the unit price of the electricity 

traded and the required quantities of electricity per period. Thus, this agent has 

an equal preference for both the expected cost-savings from the P2P electricity 

trade, as well as for the electricity quantities, provided the quantities are close to 

its required electricity need; that is 𝒬𝒬𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 . The agent is also assumed to be 

flexible about its demand per period but not elastic. Therefore, its weight for cost-

savings is the same as its weight for electricity quantities 𝑤𝑤𝑠𝑠𝐵𝐵1 = 𝑤𝑤𝑄𝑄
𝐵𝐵1 = 1

2� , 

while its demand flexibility factor 𝜑𝜑𝑁𝑁𝑖𝑖 is equal to logical ‘1’.  

2. Buyer 2 agent profile typifies a consumer who is more concerned about procuring 

its required electricity than about the electricity price. In other words, this agent 

is more concerned about meeting its electricity needs than the expected cost 

savings. The electricity quantities required per period are also the average 

quantities needed for each of the stated periods. In such rural or semi-urban 



91 
 

settings, this Buyer agent easily typifies an affluent consumer who can afford the 

cost of electricity or an essential service user like a rural health centre in dire need 

of electricity. Thus, the agent is both flexible and elastic about its stated electricity 

demand with its weight preference for cost-savings and electricity quantities 

given as  𝑤𝑤𝑠𝑠𝐵𝐵2 =  1
4�   and  𝑤𝑤𝑄𝑄

𝐵𝐵2 =  1 − 𝑤𝑤𝑠𝑠𝐵𝐵2, respectively. 

3. Buyer 3 agent profile represents a consumer that is most concerned about the 

price issue and will adjust and shift its consumption to any period, based on the 

price of the final electricity purchased. This buyer can be said to be a conservative 

consumer who does not want to pay too much money for its electricity 

consumption or one who lacks the financial ability to pay for its required 

electricity. Thus, the agent’s weight for cost is given as 𝑤𝑤𝑠𝑠𝐵𝐵3 =  2
3�  while the 

weight for electricity quantities is given as 𝑤𝑤𝑄𝑄
𝐵𝐵3 =  1 − 𝑤𝑤𝑠𝑠𝐵𝐵3. The agent is 

flexible about its electricity quantities, demand, and consumption periods. 

Also considered is the "Tier 1" consumer household with maximum electricity 

consumption of less than 0.2 kWh per day. This low consumption may be a result of low 

household income, as well as the lack of reliable electricity supply. This tier of consumers 

can be modelled as a Buyer 3 agent as the consumer is mainly concerned about electricity 

costs. Thus, if incentivised to participate in the negotiations, it can benefit from P2P 

electricity trading using automated negotiating agents.  

3.5.3. Seller-agent Profile 

In the negotiation simulations, the Seller agent profile represents a prosumer with a small 

solar PV system of 1.5 kW and an installed available battery capacity of 2.8 kWh in a 

rural community of FCDA, Abuja. The prosumer has a self-consumption requirement 

defined in equation (3.23) and is further shown in Figure 3.3. This demand must first be 

self-supplied before selling any extra generation to others. The Seller agent’s battery is 

also assumed to be full (2.8 kWh) at the start of the day. Modeling the yield of the PV 

system using both the PVSyst software and Global Solar Atlas free online tool, two solar 

micro-generation scenarios are considered for the PV system. They are the sunny day 

(best case) scenario and the cloudy day (worst case) scenario. The sunny day scenario 

represents the sunniest or peak generation day of the year, wherein the daily surplus 

unutilised PV generation is shown in Figure 3.4 to be approximately 4.5kWh in 

November. In comparison, the cloudy day represents a typical rainy day in the rainiest 
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month of August, where the daily surplus PV generation is approximately 2.25 kWh/day 

– also shown in Figure 3.4. As discussed in section 3.3.2, the Seller agent prefers to sell 

its surplus PV generation during solar resource availability, much more than it prefers 

selling the unutilised electricity from its battery. 

 

Figure 3.3: Average daily self-consumption of a 1.5kWp/2.8kWh solar PV prosumer in FCDA, 

Nigeria 

Thus, the proposed PV production of the distributed energy resource (DER) system for 

the two weather scenarios is as follows:  

1. Cloudy day scenario in August where the solar PV installation produces electricity 

given by:  𝐷𝐷𝐸𝐸𝑅𝑅𝑃𝑃𝑃𝑃 =  {0.0, 1.0, 1.25, 0.0} 𝑘𝑘𝑘𝑘ℎ and 

2. Sunny day case with PV production given as: 𝐷𝐷𝑝𝑝𝑝𝑝𝑃𝑃𝑃𝑃 =  {0.0, 2.0, 2.5, 0.0} 𝑘𝑘𝑘𝑘ℎ  

Where  𝐷𝐷𝐸𝐸𝑅𝑅𝑃𝑃𝑃𝑃  =  �𝐷𝐷𝐸𝐸𝑅𝑅𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡𝑃𝑃𝑃𝑃 ,  𝐷𝐷𝐸𝐸𝑅𝑅𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔𝑃𝑃𝑃𝑃 ,𝐷𝐷𝐸𝐸𝑅𝑅𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑃𝑃𝑃𝑃 ,  𝐷𝐷𝐸𝐸𝑅𝑅𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔𝑃𝑃𝑃𝑃 � kWh and the 

prosumer’s self-consumption requirements are given as: 

𝒬𝒬𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎  =  �𝑞𝑞𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 , 𝑞𝑞𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟� 

=  {0.68, 0.8, 0.46, 1.4} 𝑘𝑘𝑘𝑘ℎ/𝑝𝑝𝑚𝑚𝑑𝑑 

(3.23) 
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Figure 3.4: Surplus PV generation for a 1.5kWp/2.8kWh prosumer in Abuja, Nigeria 

These two weather scenarios could also imply a Seller agent with two profiles. That is a 

Seller agent with a Cloudy day profile and one with a Sunny day profile. However, before 

proceeding to the bilateral negotiation simulation, the consumers' and prosumers' 

preference elicitation process is presented in the next section. 

3.5.4. User Preference Evaluation 

Having defined the different Buyer and Seller agent profiles used in the negotiation 

testbed, it is requisite to evaluate the users' preferences for each value of the issues to be 

negotiated. This evaluation aids to ensure the agent is accurately modelled to reflect and 

represent the users during the negotiations. Thus, Algorithm 2 presents the different steps 

used in eliciting and evaluating the users' preferences evaluation. 

Algorithm 2: User Preference Elicitation and Evaluation 
For  𝑵𝑵𝒊𝒊  =  {𝑁𝑁𝑛𝑛𝑝𝑝𝑛𝑛ℎ𝑡𝑡,  𝑁𝑁𝑚𝑚𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝𝑛𝑛𝑛𝑛, 𝑁𝑁𝑚𝑚𝑓𝑓𝑡𝑡𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝𝑝𝑝𝑛𝑛,  𝑁𝑁𝑝𝑝𝑒𝑒𝑝𝑝𝑛𝑛𝑝𝑝𝑛𝑛𝑛𝑛} set of periods 
       𝑸𝑸𝑵𝑵𝒊𝒊 =  [0.00, 0.25, 0.5, 1.00, 1.50] kWh (electricity quantities per period) 
       𝑷𝑷𝑵𝑵𝒊𝒊 =  [0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9] £/kWh (set of prices per kWh) 
Inputs: 
1.  𝒒𝒒𝑵𝑵𝒊𝒊

𝑩𝑩𝑰𝑰𝒒𝒒𝑩𝑩𝒊𝒊𝑩𝑩𝑰𝑰𝑰𝑰 = Electricity quantities per period from the set of 𝑸𝑸𝑵𝑵𝒊𝒊  
2.  𝑵𝑵𝒊𝒊

∗ = Importance of period (on a scale of 1 – 3 for important, to most important) 
3. 𝜸𝜸𝑵𝑵𝒊𝒊 = Demand/Supply elasticity factor (logical “yes” or “no”) 
4. 𝝋𝝋𝑵𝑵𝒊𝒊 = Demand/Supply Flexibility factor (logical “yes” or “no”) 
5. 𝑺𝑺𝒈𝒈𝒊𝒊  = grid price of electricity or (gasoline/diesel) generator electricity cost. 
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6. 𝑴𝑴𝑺𝑺𝑵𝑵𝒊𝒊= seller’s marginal cost of producing one unit of electricity per 
period 

Initialize: 
7. 𝒘𝒘𝑺𝑺   = Agent weight for cost-savings (if Buyer agent) or profit (if Seller agent) 
8. 𝒘𝒘𝑸𝑸 = Agent weight for electricity quantities 
9. For j = 1 to 𝑞𝑞𝑁𝑁𝑖𝑖

𝑚𝑚𝑎𝑎𝑥𝑥 do 
10.      𝑭𝑭𝒎𝒎𝒌𝒌

𝑩𝑩𝑩𝑩𝑩𝑩𝑰𝑰𝑩𝑩 = Buyer agent utility function for electricity quantities 
11.     𝑫𝑫𝒎𝒎𝒌𝒌

𝑺𝑺𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩 = Seller agent utility function for electricity quantities 
12.           For k = 1 to 𝑞𝑞𝑁𝑁𝑖𝑖

𝑚𝑚𝑎𝑎𝑥𝑥 do 
13.              𝑺𝑺𝒎𝒎𝒌𝒌

𝑨𝑨 = Total cost-savings for Buyer Agent of offer 𝒎𝒎𝒌𝒌
𝑨𝑨 

14.              𝑫𝑫𝒎𝒎𝒌𝒌
𝑨𝑨 = Total profits made on offer by Mas 

15.             𝓤𝓤
𝒎𝒎𝒌𝒌
𝑨𝑨

𝑩𝑩𝑩𝑩𝑩𝑩𝑰𝑰𝑩𝑩 =  𝑤𝑤𝐶𝐶𝐶𝐶𝑚𝑚𝑘𝑘
𝐴𝐴 + 𝑤𝑤𝑄𝑄𝐹𝐹𝑚𝑚𝑘𝑘

𝐴𝐴; Buyer agent utility function 

16.             𝓤𝓤𝒎𝒎𝒌𝒌
𝑨𝑨

𝑺𝑺𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩 = 𝑤𝑤
𝓅𝓅
𝑅𝑅𝑚𝑚𝑘𝑘

𝐴𝐴 +𝑤𝑤𝓆𝓆𝐸𝐸𝑚𝑚𝑘𝑘
𝐴𝐴; Seller agent utility function 

17.           end 
18.  end 
19.  Return 

 

3.6. Discussion and Concluding Remarks 

Chapter 3 presented the framework (and working principles) of automated negotiations 

for use in a local P2P electricity trade, especially when engaged in bilateral P2P 

negotiations. This is important as a literature review of P2P electricity trading (carried 

out in chapter 2) showed that getting peers to participate and engage in this form of trading 

may pose a challenge. This is often due to the lack of trusted third-party supervision or 

middleman to coordinate these trades. Moreover, the exorbitant investment and 

maintenance cost required for the ICT infrastructure, especially when contemplating 

scalability of the P2P trades and in electricity-deficit regions like SSA, makes it more 

expedient to have a non-complex easy-to-understand P2P trading solution that also 

engenders trust amongst participating peers. Unlike the conventional electricity retail 

markets where the electricity tariffs are already fixed, agents utilising this framework or 

trading solution can negotiate their different requirements directly with their peers. This 

way, the agents are not only in control of their electricity consumption and management, 

but they are also in control of whom and where they want to purchase their electricity. 

They are also fully aware of the source and type of electricity being consumed.  

This work also presented the main issues to be considered and mutually agreed upon for 

the smooth trading of electricity in any setting. The issues to be negotiated and agreed 

upon by peers engaged in such trades include the time and duration of supply, the 
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electricity quantities needed per period, and the unit price of the traded electricity. Each 

of these issues consists of discrete, pre-defined values (or quantities) that are already 

known to the peers engaging in the negotiations and which also indicate different things 

to them. The negotiating parties are therefore said to have imperfect and incomplete 

information regarding the negotiations. As a testbed modelled for use in local settings like 

SSA where access to electricity is a major concern, four periods of electricity 

consumption were defined for the P2P electricity negotiations. This marked classification 

enabled end-users to carefully evaluate their electricity needs and the services for which 

the electricity is required. This in itself promotes energy conservation practices such as 

the use of unutilised surplus energy generation and further sensitises the need for energy 

efficiency. Furthermore, the varied options of electricity quantities per period provide 

agents with the flexibility to consider alternatives to their required electricity quantities 

that they would otherwise not have considered. It also allows the agents to elicit an 

evaluation of these options from their users before proceeding with the negotiations, 

whereby the agents are already informed of the users' preference or evaluation for each 

possible offer/bid. 

The work also presented a novel modelling of the software agents, especially prosumers 

who are modelled as rational self-interested agents that are keen to sell their surplus 

unutilised renewable energy generation. This is particularly useful in light of alternative 

solutions like the Feed-in Tariff being phased out by many governments in the countries 

where it was practiced. The agent modelling presented showed that properly modelling 

an agent to accurately reflect the concerns of the user can incentivise the user (prosumer) 

into participating in such trades. While concerns may differ, reducing the payback period 

of the generating assets and recouping some of the investment costs of installing the VRE 

systems, are common concerns of many prosumers. This is due to the huge financial 

outlay involved in installing these (off-grid) systems and the lack of adequate financial 

support and grants in electricity-deficit regions like SSA. Similarly, the work also 

considered and modelled the major concerns typically demonstrated by consumers 

regarding their energy consumption. Integrating these concerns and behaviours into the 

modelling of the consumer agent, the representative Buyer agents are self-seeking agents 

whose main objectives are to minimize the cost of their electricity, and also maximize 

their electricity consumption per period. Having laid out the framework for the automated 

negotiations of P2P trading of electricity in this Chapter, the effectiveness of this trading 

mechanism will be further investigated in the remaining chapters of this thesis. While the 
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next/following chapter specifically studies the use of the agent models and negotiation 

strategies in a decentralised P2P electricity market, and as a veritable means of improving 

access to electricity.  
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Chapter 4.  Decentralised P2P Electricity 

Negotiations: The Bilateral Case 

With the framework for P2P electricity trading using automated negotiations presented in 

the preceding chapter, this chapter presents a novel, fully decentralised P2P electricity 

negotiation framework.  The framework, as shown in Figure 4.1, uses an autonomous 

agent model to capture the preferences of both an electricity buyer (consumer) and the 

seller (small local generator or prosumer) in terms of price and electricity quantities to be 

traded in different periods throughout a day. It then utilises the alternating offers protocol 

as the negotiation protocol, wherein the electricity quantity and unit price for the different 

periods are aggregated into daily packages and negotiated between the buyer and seller 

agents. The framework is further simulated with the agents representing the buyers and 

sellers adopting different negotiation strategies based on negotiation concession 

algorithms, such as linear heuristic or Boulware. Results show that this framework and 

the agents modelling can potentially increase the prosumer’s revenue, while providing 

electricity access to the community at low costs.  

4.1. Chapter Contributions 

One of the main gaps in the literature was the lack of a (suitable) P2P electricity trading 

mechanism designed for use in off-grid regions with little or no access to electricity. In 

response to this, this work contributes to knowledge by providing a framework for P2P 

electricity trading using automated agent negotiations. It includes formulating and 

simulating a suitable P2P electricity trading mechanism adaptable for use in such weak 

and off-grid communities. This study presents the simulation results for bilateral P2P 

electricity negotiations utilising simplified agents’ negotiation heuristics. It also 

highlights the importance of (agent) flexibility (especially in procuring more satisfactory 

outcomes) and provides agents the opportunity to be flexible with their requirements. For 

example, an agent can shift its demand to another period if required to get cheaper 

electricity, or it can decide to increase its pricing if the demand is paramount for a 

particular period. Furthermore, it builds on the existing state of the art by presenting a 

novel residential P2P electricity market model and testbed with a trading mechanism akin 

to physical markets in rural off-grid communities, where electricity quantities and prices 

can be electronically ‘haggled’ by players in the market, thus giving them a more active 
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role in the market. Finally, this study provides a proof-of-concept design for how P2P 

solutions incorporating automated negotiations can potentially improve and enable 

electricity access in a rural, off-grid, community P2P energy market. 
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4.2. Bilateral Negotiations Implementation 

In the simulated package-deal bilateral negotiations, each negotiating agent, as modelled 

in section 3.5 of Chapter 3, negotiates over the issues of electricity quantity (𝑄𝑄𝑁𝑁𝑖𝑖) needed 

per period 𝑁𝑁𝑖𝑖, with 𝑁𝑁𝑖𝑖 = �𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡,  𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔,  𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛,  𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔�As well as the price 

per unit of electricity quantity negotiated (𝑃𝑃𝑁𝑁𝑛𝑛).  𝐼𝐼 =  �𝑄𝑄𝑁𝑁1 , … ,𝑄𝑄𝑁𝑁𝑛𝑛 ,𝑃𝑃𝑁𝑁1 , … ,𝑃𝑃𝑁𝑁𝑛𝑛  �. Thus, 

the following steps describe the agents’ procedure used by agents in bilateral negotiations: 

1. Each agent determines and sets its different marginal costs of electricity supply 

𝑀𝑀𝐶𝐶𝑁𝑁𝑖𝑖 , 𝐶𝐶𝑔𝑔
𝑖𝑖 . For uniformity and easy comparison of results, the prosumers agents 

are assumed to have the same average cost of electricity for their solar PV systems 

(S_COE). While all consumers are assumed to have the same average cost of 

electricity production for the fossil-fuel generators (CG). 

2. Based on their different market objectives, availability, and demand flexibility, 

and the sets of discrete electricity and price quantities 𝑄𝑄𝑁𝑁𝑖𝑖 and 𝑃𝑃𝑁𝑁𝑖𝑖, each agent 

computes their individual preferences for each value or quantity of the negotiation 

Issues (𝑞𝑞𝑖𝑖 ∈ 𝑄𝑄𝑁𝑁𝑖𝑖 ∧ 𝑝𝑝𝑖𝑖 ∈ 𝑃𝑃𝑁𝑁𝑖𝑖). This is possible because the agents have complete 

information about the issues for negotiation and their respective quantities 

3. Given the sets of discrete electricity and price quantities 𝑄𝑄𝑁𝑁𝑖𝑖 and 𝑃𝑃𝑁𝑁𝑖𝑖, the agents 

also compute their utility function for each possible negotiation offer contained in 

the negotiation space or domain (4,375 possible outcomes in this setting). They 

then sort these utilities in descending order from the highest utility to the lowest. 

4. Next, the agents determine their ideal and threshold utilities; thus, distinguishing 

between their feasible and infeasible sets of packages. Any package with a utility 

less than the agent’s threshold utility 𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴 < 𝒰𝒰𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑟𝑟ℎ𝑚𝑚𝑜𝑜𝑟𝑟 is discarded into the 

agent’s infeasible set. The feasible set contains bids/offers with utilities greater 

than or equal to the threshold utility 𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴 ≥ 𝒰𝒰𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑟𝑟ℎ𝑚𝑚𝑜𝑜𝑟𝑟.  

5. The agents then decide on their choice of negotiation strategy for the negotiations. 

Based on the chosen strategy, the agents also determine their respective minimal 

utilities for each round.  
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6. The Seller agents then broadcast their available quantities for sale per period. 

Finally, actual bilateral negotiations begin with an agent (say Buyer agent 1) 

initiating and sending its first bid proposal to its preferred Seller agent. 

7. Upon receiving the bid, the Seller agent first calculates the utility of the received 

bid to determine its feasibility or infeasibility. Depending on the Seller agent’s 

choice of strategy, it will either accept the bid (if above its minimal utility for the 

round) or refuse the bid and propose a new offer – known as the counteroffer – if 

the utility of the received bid is less than the minimal utility.  

8. This marks the first round of alternating offers which continues for both agents 

until either a bargain is reached by both agents or the negotiations close without a 

deal. 

Before presenting the outcomes of the agents' automated negotiations, the next section 

evaluates the effects of different types of agent flexibility when negotiating the relevant 

issues.  

4.3. Agents’ Flexibility 

In this section, the effects and importance of agent flexibility in automated negotiations 

are discussed and presented. This indicates the agents’ willingness (or unwillingness) to 

be flexible about the negotiation issues, which in this thesis include the electricity 

demand, time of use, total quantity demanded, and unit price agreed on. Thus, three agent 

flexibility types are presented. 

4.3.1. Non-negotiable agents 

A non-negotiable agent is an agent that is very strict with its electricity consumption. 

Thus, the agent is said to be inflexible with its quantities of electricity as well as period 

of use. Given the Buyer agent requirement of 𝒬𝒬𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎  =

 �𝑞𝑞𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 ,𝑞𝑞𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟�  =  (0.25, 0.25, 0.00, 1.00) kWh/day, the 

agent will return a preference valuation of zero “0” for any electricity quantity that is not 

the same value as its required quantity for the period. For example, any value other than 

the 0.25 kWh of electricity required for the evening period will return a value of zero. 

Similarly, a Seller agent that strictly wants to trade its surplus PV electricity of 

(0.00, 1.00, 1.25, 0.00) kWh and (0.00, 2.00, 2.25, 0.00) kWh on a cloudy and sunny 
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day, respectively, will return a value of zero for any offer or quantity that does not exactly 

match the quantity and period of its surplus PV electricity.  

For a cloudy and a sunny day, respectively, Figures 4.2 and 4.3 show the negotiation 

outcome space – also known as the negotiation domain – for the non-negotiable Buyer 

and Seller agents engaged in a bilateral P2P negotiation for electricity quantities. This can 

also reflect the negotiation outcome space of two agents who are said to be rigid on their 

preferred prices. The agents will return a value of “0” for any value of the Price issue that 

does not match their individual preferred prices. As seen in the figures, a lack of flexibility 

often results in the agents having no feasible or satisfactory negotiation outcome. Both 

figures show the challenge likely to be encountered by non-negotiable agents in an 

automated negotiation as both agents do not have a common point of agreement. They 

both desire to trade electricity because the Buyer agent desires to buy electricity for its 

consumption and the Seller agent seeks to sell its surplus electricity generated but both 

are unwilling to be flexible in their issues’ preferences; thus, a ‘no-deal’ scenario is often 

encountered by the agents. However, a non-negotiable agent may strike a bargain if 

negotiating with a semi-flexible or fully flexible agent willing to concede to its offer. 

 

Figure 4.2: Bilateral P2P automated negotiation domain for two non-negotiable Buyer and Seller 

agents on a cloudy day scenario 
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Figure 4.3: Bilateral P2P automated negotiation domain for two non-negotiable Buyer and Seller 

agents on a sunny day scenario 

4.3.2. Partially flexible agents 

The partially flexible P2P electricity trading agent is flexible about either its demand per 

period, period of consumption, price of the electricity, total electricity consumption or 

any combination of the issues. It accepts quantities other than its required quantities, 

provided the accepted quantities are within its required period of consumption and the 

total energy agreed upon is not more than the total required quantity. This includes 

reducing its total electricity consumption in general, if necessary to obtain a bargain or 

shifting its consumption from one period to another period. Given the same Buyer agent 

requirement of 𝒬𝒬𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎  =  �𝑞𝑞𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟,  𝑞𝑞𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟, 𝑞𝑞𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 , 𝑞𝑞𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟�  =

 (0.25, 0.25, 0.00, 1.00) kWh/day as shown in equation (4.2), the flexible agent will 

return a preference value for other electricity quantities that are less or even more than its 

required consumption for any given period, provided the total electricity quantity is not 

more than the total required quantity. However, its preferred period(s) of supply 

availability are the required periods of demand. This preference valuation for these other 

discrete attributes of the negotiation issues under negotiation is based on the market 

objective of the agent. And this is often defined in its utility function.  
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For example, considering the discrete electricity values or quantities available for trading 

in the evening period 𝑄𝑄𝑁𝑁𝑟𝑟𝑒𝑒𝑟𝑟𝑛𝑛𝑖𝑖𝑛𝑛𝑒𝑒 =  [0.00, 0.25, 0.5, 1.00, 1.50], a partially-flexible Buyer 

agent requiring 0.25 kWh of electricity in the evening period will evaluate and consider 

the other electricity quantities available for the period, even though the quantities are 

more than the required quantity. It will return a value other than zero for these quantities, 

subject to other objectives being met. This also includes being flexible about the price 

attributes as well, wherein the flexible Buyer agent will evaluate and return values for 

other values of the price issue. Similarly, a partially flexible Seller agent with surplus PV 

electricity of (0.00, 1.00, 1.25, 0.00) kWh and (0.00, 2.00, 2.25, 0.00) kWh available to 

trade on a cloudy and sunny day, respectively, will consider and evaluate other quantities 

of electricity offered, provided the quantities are not more than the available surplus. The 

quantities must also be within the agent’s availability period; that is, the preferred periods 

of resource availability. Figures 4.4 and 4.5 also show the negotiation outcome space for 

the two partially flexible agents. With both agents being partially flexible, some feasible 

negotiation outcomes, as well as an agreed outcome of (0.25, 0.25, 0.00, 1.00, $0.70) for 

both sunny and cloudy day cases can be observed in the negotiation domain, unlike that 

of the non-negotiable agents where there was no feasible nor agreed outcome. 

 

Figure 4.4: Bilateral P2P automated negotiation domain with an agreed outcome for both semi-

flexible Buyer and Seller agents on a cloudy day scenario 
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Figure 4.5: Bilateral P2P automated negotiation domain with an agreed outcome for both semi-

flexible Buyer and Seller agents on a sunny day scenario 

4.3.3. Fully flexible agents 

Unlike the non-negotiable and semi-flexible negotiating agents, the fully flexible 

negotiating agent is the most amenable type of agent. It considers and evaluates quantities 

other than its required quantities and for all periods of consumption. It can shift its load 

or reduce its consumption, if necessary. It is also willing to consume more quantities of 

electricity, provided the total cost of the electricity is within its budgeted cost. Thus, these 

agents are said to also be indifferent to the period of consumption or supply availability. 

So, given the same Buyer agent requirement: 𝒬𝒬𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎  =  �𝑞𝑞𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟,  𝑞𝑞𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟,

𝑞𝑞𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛
𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟 , 𝑞𝑞𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔

𝑎𝑎𝑎𝑎𝑟𝑟𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟�  =  (0.25, 0.25, 0.00, 1.00) kWh/day, the fully flexible agent will 

return a preference value, for other electricity quantities that are less or even more than 

its required consumption for any given period. This preference valuation for these other 

discrete attributes of the negotiation issues under negotiation is based on the market 

objective of the agent. And this is often defined in its utility function. 

 For example, considering the discrete electricity values or quantities available for trading 

in the afternoon period 𝑄𝑄𝑁𝑁𝐼𝐼𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑛𝑛𝑜𝑜𝑜𝑜𝑛𝑛 =  [0.00, 0.25, 0.5, 1.00, 1.50], a fully-flexible Buyer 
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agent despite not requiring any electricity quantity for the afternoon period, will evaluate 

and consider the other electricity quantities available for the period. Thus, subject to its 

market objectives being met, the fully flexible Buyer agent will return a value greater 

than zero for these quantities. Similar to the semi-flexible agent, this agent is also flexible 

about its price preference as well wherein it will evaluate and consider other values of the 

price issue. Similarly, a fully flexible Seller agent with surplus PV electricity of 

(0.00, 1.00, 1.25, 0.00) kWh and (0.00, 2.00, 2.25, 0.00) kWh available to trade on a 

cloudy and sunny day, respectively, will consider and evaluate all other quantities of 

electricity offered, provided the sum of the required electricity is not more than its 

available surplus. The fully flexible Buyer agent will also consider and evaluate other 

price values that are different from its preferred price. Figures 4.6 and 4.7 show the 

negotiation outcome space for the two fully flexible agents with agreed outcomes reached 

using Zero Intelligence (ZI) strategy. With both agents being fully flexible, the 

negotiation outcome space is more populated with possible negotiation outcomes between 

the two agents as observed in the negotiation domain. Thus, the appropriate negotiation 

strategy is required to be deployed to help each agent negotiate the domain space, more 

efficiently.  

 

Figure 4.6: Bilateral P2P automated negotiation domain with an agreed outcome of (0.00, 0.00, 

1.00, 0.25, £0.70) for both fully-flexible Buyer and Seller agents on a cloudy day scenario 
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Figure 4.7: Bilateral P2P automated negotiation domain with an agreed outcome of (0.5, 0.0, 1.0, 

0.0, £0.80) for both fully flexible Buyer and Seller agents on a sunny day scenario 

4.4. Agent Strategy Evaluation 

Having shown the relevance of agent flexibility over negotiation issues and attributes to 

automated negotiations and the three possible types of agents’ flexibility, this section 

presents the simulation results of the decentralised bilateral negotiations between the 

Seller and Buyer agent profiles described in Section 3.5 of Chapter 3. It particularly 

evaluates and compares the outcomes of the agent’s negotiating strategies. It also 

demonstrates the effects of the agents’ preferential weights – for the different issues for 

negotiation – on the negotiation domain and outcome. 

4.4.1. Buyer 1 Bilateral Negotiations 

With a stated demand of {0.25, 0.25, 0.00, 1.00} kWh for each of the periods 

{𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡,  𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔, 𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛,  𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔} and equal preferential weights of 𝑤𝑤𝑠𝑠𝐵𝐵1 =

𝑤𝑤𝑄𝑄
𝐵𝐵1 = 1

2�  for the issues of electricity price and quantity respectively, Table 4.1 shows 

the summary of Buyer 1 agent profile. For each of the demand periods (𝑁𝑁𝑖𝑖), the user 

indicates its valuation preference for the period as well as its flexibility and elasticity 
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disposition (for each of the periods). Based on a scale of 0 – 3 for “Not important, 

Important, Very important, and most important”, 𝑁𝑁𝑁𝑁𝑖𝑖
∗  gives a measure of the importance 

of each of the periods to the user. For this simulation, it is assumed that the morning and 

the night periods are equally important to the agent because the electricity demand for 

both periods is the same. However, the evening demand period is very and more important 

than the others as the electricity required for the period is more than that of the other 

periods. It is also assumed that the afternoon period is not important as the agent does not 

require any electricity for the period. Nevertheless, if the Buyer 1 agent indicates a 

willingness to shift its demand to this period, if necessary, then the period is assumed to 

be the least important of all periods.  

Table 4.1: Summary of the Buyer 1 agent profile 

Period (𝑵𝑵𝒊𝒊) 𝑵𝑵𝑵𝑵𝒊𝒊
∗  𝝋𝝋𝑵𝑵𝒊𝒊 𝜸𝜸𝑵𝑵𝒊𝒊 

𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡 1 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 1 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛 0 “No” = Logical 0 “No” = Logical 0 

𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 2 “Yes” = Logical 1 “Yes” = Logical 1 

It is also important to note that these assumptions are made for simulations and 

comparison purposes only. In a real-life scenario, the user can indicate any level of 

importance to each of the demand periods as appropriate.  𝜑𝜑𝑁𝑁𝑖𝑖 indicates the user’s demand 

flexibility for each period whereby it is willing to consume or procure less energy than 

required. While 𝛾𝛾𝑁𝑁𝑖𝑖 represents the user’s elasticity factor – an indication of its desire to 

consume more electricity (if available) for any given period 𝑁𝑁𝑖𝑖. The Buyer 1 agent is 

assumed to be a semi-flexible agent wherein it is flexible and elastic in its demand but 

only for the required periods of consumption. This means it can reduce its demand if 

required to obtain a bargain and it can also shift its demand to other periods of 

consumption, provided the total energy agreed upon is not more than its daily required 

demand. This is because the agent is also equally concerned about the issue of price; that 

is, cost savings. Thus, the agent is concerned about getting electricity and it is also equally 

concerned about saving costs.  
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Figures 4.8 and 4.9 show the decentralised bilateral negotiation domain of the Seller and 

Buyer 1 agents' automated negotiations for the cloudy-day and sunny-day cases, 

respectively. Based on the agents’ utilities, these show all the feasible outcomes for both 

negotiations. However, the agents are oblivious of the domain space as they are not privy 

to their opponent’s preference valuations. It is from these domains of feasible outcomes 

that each agent tries to negotiate an outcome that is as favourable as possible. With both 

agents utilising the negotiation strategies proposed in section 3.4.2 (Chapter 3), Figure 

4.10 shows the utilities of the Buyer 1 agent for each of the negotiation strategies when 

used against the Seller agent. Observing Figure 4.11 further, the Expert heuristic (EH) 

strategy yielded the highest utility for the Buyer agent at an average utility of 0.75 when 

used to negotiate against the Seller agent. This strategy even when used in self-play 

yielded the highest satisfaction to the Buyer agent while the Zero Intelligence strategy 

yielded the lowest utility at 0.18. However, all strategies resulted in a ‘positive’ outcome 

for each negotiating agent for both the electricity quantities per period (Figure 4.12) and 

the agreed price per kWh (Figure 4.13). 

 

Figure 4.8: The P2P automated negotiation domain for the bilateral electricity negotiations 

between the Seller and Buyer 1 negotiating agents for a cloudy-day case. 
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Figure 4.9: The P2P automated negotiation domain for the bilateral electricity negotiations 

between the Seller and Buyer 1 negotiating agents for a sunny-day case. 

 

Figure 4.10: Utility of Buyer 1 agent bilateral negotiations with Seller agent when utilising the 

different negotiation strategies for both a cloudy and sunny day case. 
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Figure 4.11: The electricity quantities negotiated by Buyer 1 agent for both cloudy and sunny day 

cases for each negotiation strategy utilised. 

 

Figure 4.12: The unit price of the electricity quantities negotiated by Buyer 1 agent for both 

cloudy and sunny day cases for each negotiation strategy utilised. 
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4.4.2. Buyer 2 Bilateral Negotiations 

As defined in section 3.5.2 of Chapter 3, the Buyer 2 agent has a stated demand of 

{0.25, 0.25, 0.00, 1.00} kWh for each of the periods 

𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡,   𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔,  𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛,  𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔With a preference weight of 𝑤𝑤𝑠𝑠𝐵𝐵1 = 1
4�  

and  𝑤𝑤𝑄𝑄
𝐵𝐵1 = 3

4�  for the issues of price and electricity quantities, respectively. While the 

agent is also assumed to be flexible and elastic in its demand, especially for its period of 

required electricity, its degree of importance for the different periods is assumed to vary 

linearly with the electricity quantities. Table 4.2 presents the summary of the Buyer 2 

agent profile where 𝑁𝑁𝑁𝑁𝑖𝑖
∗ , 𝜑𝜑𝑁𝑁𝑖𝑖 and 𝛾𝛾𝑁𝑁𝑖𝑖 indicate the user’s degree of importance, demand 

flexibility, and elasticity for each period 𝑁𝑁𝑖𝑖, respectively. However, the agent’s total 

electricity spend will be constrained to its alternative cost of electricity if using a gasoline 

generator, given as $1.50. 

Table 4.2: Summary of the Buyer 2 agent profile 

Period (𝑵𝑵𝒊𝒊) 𝑵𝑵𝑵𝑵𝒊𝒊
∗  𝝋𝝋𝑵𝑵𝒊𝒊 𝜸𝜸𝑵𝑵𝒊𝒊 

𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡 2 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 2 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛 1 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 3 “Yes” = Logical 1 “Yes” = Logical 1 

The bilateral negotiation domain of the Seller and Buyer 2 agents decentralised automated 

negotiations for the cloudy-day and sunny-day cases, respectively, are shown in Figures 

4.13 and 4.14. These show the sets of all feasible bilateral negotiation outcomes for both 

agents negotiating a package-deal electricity and price outcome. With the Buyer 2 agent 

having a fully-flexible preference profile, the domain space for this agent is densely 

populated. It is from these dense domain spaces of possible outcomes that each agent tries 

to negotiate an outcome that is as close as possible to its set market objective. Utilising 

the four proposed negotiation strategies, Figure 4.15 shows the agent’s negotiation 

utilities for the different outcomes obtained when utilising the different negotiation 

strategies against the Seller agent. Here also, the Expert Heuristic (EH) strategy 
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negotiated the most satisfactory outcomes at an average of 0.85 compared to the other 

negotiation strategies for both cloudy and sunny days. And with a utility outcome of 

almost 1 obtained when playing the EH strategy against the Seller agent’s Zero 

Intelligence (ZI) strategy, the Buyer 2 agent almost got its ideal outcome, as observed 

from Figure 4.16. The actual electricity quantities and price negotiated by the Buyer 2 

agent using the different strategies are also shown in Figures 4.17 and 4.18. 

 

 

Figure 4.13: The P2P automated negotiation domain for the bilateral electricity negotiations 

between the Seller and Buyer 2 negotiating agents for a cloudy-day case. 
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Figure 4.14: The P2P automated negotiation domain for the bilateral electricity negotiations 

between the Seller and Buyer 2 negotiating agents for a sunny-day case. 

 

Figure 4.15: Utility of Buyer 2 agent bilateral negotiations with Seller agent when utilising the 

different negotiation strategies for a cloudy and sunny day case, respectively. 
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Figure 4.16: The electricity quantities negotiated by Buyer 2 agent for both cloudy and sunny day 

cases for each negotiation strategy utilised. 

 

Figure 4.17: The unit price of the electricity quantities negotiated by Buyer 2 agent for both 

cloudy and sunny day cases for each negotiation strategy utilised 
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4.4.3. Buyer 3 Bilateral Negotiations 

In addition to the Buyer 3 agent profile as defined in section 3.5.2 of Chapter 3, Table 4.3 

shows the summary of the Buyer 3 agent profile where 𝑁𝑁𝑁𝑁𝑖𝑖
∗ , 𝜑𝜑𝑁𝑁𝑖𝑖 and 𝛾𝛾𝑁𝑁𝑖𝑖 indicate the 

user’s degree of period importance, demand flexibility, and elasticity for each period 𝑁𝑁𝑖𝑖, 

respectively. For the cloudy-day and sunny-day cases, respectively, Figures 4.18 and 4.19 

show the decentralised bilateral negotiation domain of the Seller and Buyer 3 agent. This 

shows the set of feasible bilateral negotiation outcomes for both agents negotiating a 

package-deal electricity and price outcome for the local day-ahead P2P electricity market. 

For this Buyer agent, Figure 4.20 shows its utilities for the different negotiation outcomes 

when utilising the different negotiation strategies, with the Conceder Heuristic (CH) 

yielding the best outcomes at an average utility of 0.73. And Figures 4.21 and 4.22 

respectively show the actual electricity quantities and unit price negotiated for each 

negotiation strategy played.  

Table 4.3: Summary of the Buyer 3 agent profile 

Period (𝑵𝑵𝒊𝒊) 𝑵𝑵𝑵𝑵𝒊𝒊
∗  𝝋𝝋𝑵𝑵𝒊𝒊 𝜸𝜸𝑵𝑵𝒊𝒊 

𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡 2 “Yes” = Logical 1 “No” = Logical 0 

𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 2 “Yes” = Logical 1 “No” = Logical 0 

𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛 1 “Yes” = Logical 1 “No” = Logical 0 

𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 2 “Yes” = Logical 1 “No” = Logical 0 
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Figure 4.18: The P2P automated negotiation domain for the bilateral electricity negotiations 

between the Seller and Buyer 3 negotiating agents for a cloudy-day case. 

 

Figure 4.19: The P2P automated negotiation domain for the bilateral electricity negotiations 

between the Seller and Buyer 3 negotiating agents for a sunny-day case. 
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Figure 4.20: Utility of Buyer 3 agent bilateral negotiations with Seller agent when utilising the 

different negotiation strategies for a cloudy and sunny day case, respectively. 

 

Figure 4.21: The electricity quantities negotiated by the Buyer 3 agent for both cloudy and 

sunny day cases for each negotiation strategy utilised. 
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Figure 4.22: The unit price of the electricity quantities negotiated by the Buyer 3 agent for both 

cloudy and sunny day cases for each negotiation strategy utilised. 

4.4.4. Seller Bilateral Negotiations 

The Seller agent represents an off-grid solar PV prosumer household with an approximate 

maximum surplus PV generation of  {0.0, 1.0, 1.25, 0.0} kWh/day and {0.0, 2.0, 2.5, 0.0} 

kWh on a cloudy and sunny day, respectively. With the solar PV system being an off-grid 

system, the household is fitted with batteries. The given surplus is the excess electricity 

generated by the PV modules, having fully recharged the batteries. So, this agent is 

slightly willing to trade some of its electricity during periods of no resource availability. 

However, in this research work, the main objective of the Seller agent is to trade its 

surplus PV electricity, especially during the periods of resource availability, to other peers 

within the community. Assuming a rational self-seeking agent, the Seller’s preferential 

weight for the issues of price and electricity quantities is given as 𝑤𝑤𝑠𝑠𝑆𝑆 = 𝑤𝑤𝑄𝑄
𝑆𝑆 = 1

2� , with 

its least selling price given as $0.45 per kWh. Thus, the agent is equally concerned about 

the quantities of electricity sold and the unit price. 

Also, the Seller agent is assumed to be fully flexible in its supply quantities and 

availability periods in this study. However, it cannot consent to any bid (quantities) it 

cannot meet, so the agent is not elastic in the sum of its available surplus.  Table 4.4 
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presents the summary of the Seller agent’s trading profile for all its P2P electricity 

negotiations where 𝑁𝑁𝑁𝑁𝑖𝑖
∗ , 𝜑𝜑𝑁𝑁𝑖𝑖 and 𝛾𝛾𝑁𝑁𝑖𝑖 indicate the prosumer’s period importance, supply 

flexibility, and elasticity for each period 𝑁𝑁𝑖𝑖, respectively. For the cloudy-day and sunny-

day cases, respectively, Figures 4.23 and 4.24 show the Seller agent’s utilities for the 

different negotiation outcomes obtained when bargaining with the three aforementioned 

Buyer agent profiles also utilising the different negotiation strategies. 

Table 4.4: Summary of the Seller agent profile 

Period (𝑵𝑵𝒊𝒊) 𝑵𝑵𝑵𝑵𝒊𝒊
∗  𝝋𝝋𝑵𝑵𝒊𝒊 𝜸𝜸𝑵𝑵𝒊𝒊 

𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡 1 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 2 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛 2 “Yes” = Logical 1 “Yes” = Logical 1 

𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔 1 “Yes” = Logical 1 “Yes” = Logical 1 

 

 

Figure 4.23: Utility of the Seller agent bilateral negotiations with Seller agent when utilising the 

different negotiation strategies for a cloudy-day case. 
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Figure 4.24: Utility of the Seller agent bilateral negotiations with Seller agent when utilising the 

different negotiation strategies for a sunny-day case. 

4.5. Discussion and Concluding Remarks 

P2P automated negotiation of electricity quantities and price holds a lot of prospects and 

benefits for energy communities especially in developing regions of the world where 

access to adequate electricity is still a major concern. Analysing the automated 

negotiations between a Seller agent typifying an off-grid prosumer household with a 

renewable energy generation like solar PV and the Buyer agents representing the different 

classes and types of consumer households according to the world bank MTF classification 

[14], showed that this medium of electricity trading can help the prosumer unbundle its 

unutilised wasting surplus while helping the consumers access green, clean, modern, and 

affordable electricity. Analysing the negotiation outcomes of all agents when utilising the 

Zero Intelligence (ZI) strategy showed outcomes with utilities ranging from 0.06 – 0.60 

when used against itself. The fact that despite the randomness and lack of self-seeking 

intelligence of the ZI strategy, negotiation outcomes obtained demonstrate that this 

trading mechanism can produce more satisfactory outcomes, especially if using a more 

optimized strategy. This is in comparison to other trading methods like double auctions 
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where an agent can easily be priced out of the market with no room to reconsider its 

preferences or options.  

A further observation of the negotiation results, especially when evaluating the different 

negotiating strategies, showed that the Expert Heuristic (EH) strategy produced the 

highest utility for Buyers 1 and 2 agents. At the same time, the Conceder Heuristics (CH) 

yielded the best outcome for the Buyer 3 agent. These results are the same for both the 

cloudy and sunny day cases because the Buyers’ daily demands are assumed to be 

constant and not dependent on resource availability. However, if necessary, all agents are 

willing to be flexible on their demand, but this is not required as agents can negotiate their 

required daily electricity quantities. On the other hand, the Seller agent yielded a similar 

outcome for each negotiating strategy used with its lowest utility obtained when 

negotiating with a Buyer agent utilising the EH strategy. This was also observed even 

when playing against itself in self-play. This is because the EH agent plays a difficult, 

hard-to-concede approach, prompting its opponent to concede more of its utility if keen 

to reach a bargain.  

Figures 4.25a and 4.25b show the actual outcomes individually obtained by the three 

different agents negotiating independently with the Seller agent for the two solar resource 

availability day-cases and further compare these outcomes with the agents’ required 

quantities and market objectives. It can be seen that each Buyer agent obtained its required 

quantity for each period, with Buyer 2 agent even negotiating more electricity quantities 

for the night period, in line with its market objective and agent profile. However, the 

Seller agent did not trade all its surplus electricity for both cloudy and sunny-day cases 

as the electricity required by the Buyer agents was minimal. In the first scenario (Figure 

4.25a), the seller (prosumer) does not have a lot of energy to sell as it is a cloudy day, 

unlike the sunny-day case where the Seller agent had sufficient electricity to trade. Thus, 

each agent will try to negotiate the maximum amount of energy it can obtain at the lowest 

price possible and for the most needed consumption period.  

With the P2P electricity negotiations being bilateral and decentralised where each Buyer 

agent negotiates their electricity quantities and price individually, the Seller agent still 

had surplus electricity after trading with each Buyer agent. The trades are assumed to be 

independent and individual; thus, the total electricity sold by the Seller is not a sum of the 

three different negotiations. Instead, each negotiation simulated is assessed individually. 

All Buyer agents were also unable to negotiate their ideal electricity prices of $0.3/kWh 

but being flexible with their price preferences, the unit prices of $0.7, $0.8, and $0.5 per 
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kWh were negotiated for Buyers 1, 2, and 3, respectively. However, the Buyer 3 agent, 

who had a clear preference and concern for keeping its electricity as low as reasonably 

possible, negotiated the lowest price among the three Buyer agents. While these prices 

agreed are not the Seller agent’s ideal or preferred ask price, they are above its minimum 

asking price of $0.45/kWh in this instance.  
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Given the outcomes obtained from the decentralised bilateral P2P electricity negotiations, 

the use of this trading mechanism enables Buyer agents representing consumer 

households to conveniently negotiate and procure their required electricity from prosumer 

peers in the network. It also aids to provide additional revenue and utility for the Seller 

agent (prosumer household) considering the electricity traded would otherwise have been 

wasted and unutilised. This negotiating of electricity allows households such as those 

represented by Buyer 2 agent to increase their electricity access. It also allows for low 

revenue community members to negotiate better prices for their energy supply. Thus, it 

enables and improves access to clean, modern, and affordable electricity, which is an 

important feature in developing countries, as economic development requires increasing 

energy access.  

As previously discussed in Chapter 2, this automated P2P negotiation of electricity is best 

modeled for settings with poor or little access to grid-powered electricity. However, with 

the agents in the decentralised P2P negotiations not being privy to the opponent’s 

preferences and as such the negotiation domain as a whole, the issue of fairness comes 

into play. Are the negotiation outcomes agreed on fair to all the agents? Could there be a 

more optimal outcome in the negotiation space that could be more satisfactory? These 

questions will be further explored in the next chapter. 
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Chapter 5. Centralised P2P Electricity 

Negotiations: The Cooperative Game 

In the previous chapter, automated agent negotiation as a trading mechanism for 

decentralised P2P electricity trading was studied and evaluated. In this chapter, a novel 

framework for automated negotiations as a trading mechanism for centralised and 

community-based P2P electricity trading is presented and examined. First, the 

framework, illustrated in Figure 5.1, is modelled as a cooperative game between the 

bilateral negotiating agents. Then the Nash Bargaining Solution (NBS) and the 

Egalitarian Social Welfare (ESW) function are utilised in this study to combine the two 

agent utilities and resolve the negotiation to the satisfaction of the negotiating agents. 

Finally, the negotiation outcomes obtained using the NBS and ESW solutions in the 

centralised community-based P2P negotiation are further compared with agents’ best 

results obtained from the fully decentralised P2P negotiation framework. This 

comparison investigates which type of P2P electricity trading framework (decentralised 

or centralised) might best fit for use in weak and off-grid settings while also satisfying 

the individual agents’ market objectives.  

5.1 Chapter Contributions 

Having studied the use of automated negotiations as a trading mechanism in decentralised 

P2P electricity trading in a weak grid and off-grid regions, this thesis contributes to 

knowledge by proposing an agent automated negotiations framework for a centralised 

and community-based P2P electricity trading for use in the same grid settings. 

Furthermore, by eliminating the need for agents to utilise their individual negotiation 

strategies, the proposed framework addresses the issue of increased computational 

complexities often caused by the different computational and heuristic negotiation 

activities when considering the scalability of fully decentralised P2P electricity trades. 

The proposed framework also contributes to knowledge by utilising the NBS and the 

ESW function to address the issue of fairness (or lack thereof) often associated with the 

decentralised P2P automated negotiation, especially when the peers in the fully 

decentralised P2P trades utilise different heuristic strategies in efforts to improve their 

individual utilities. Thus, by combining and evaluating the utilities of both agents, it 
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safeguards against exploitation, market manipulation, and lack of participation by 

disenfranchised agents.  
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This methodology also addresses the issue of lack of centralised supervisory control, with 

the power system operators finding it more challenging to predict and analyse grid 

behaviour, especially when the P2P trades are scaled up. Hence, the proposed community-

based negotiation framework coordinates the P2P electricity trading between the 

network's negotiating peers and serves as a single point of contact between the electricity 

trading community and the network operator. Furthermore, it communicates all agreed 

P2P negotiation outcomes to the network operator and transmits all network system 

requests/demands to the trading peers in the community-based electricity market.  

The following sections detail the automated negotiation framework required for the 

centralised community-based P2P electricity trading in local electricity markets. This 

includes modelling the axiomatic solutions utilised in clearing the P2P electricity 

negotiations. 

5.2 Overview of the Centralised Automated Negotiations 

Framework  

The proposed automated negotiation framework utilises the same Buyer and Seller agent 

models defined in sections 3.3.1 and 3.3.2 of Chapter 3. This is because the agents’ utility 

models accurately reflect the individual market objectives of the different agents, as 

presented in this study. The agents are also concerned about the negotiation issues defined 

in section 3.2 of Chapter 3, for which they desire a mutually satisfactory outcome or 

solution. The distinct difference in this framework is in the negotiation protocol, wherein 

the negotiation is modelled as a two-person cooperative game. This typically consists of 

two players (agents here) collaborating for mutual benefits and with a set of feasible 

outcomes of which anyone can be the agreed outcome of the cooperative negotiation 

game. It also includes a prespecified disagreement or ‘no deal’ outcome that each agent 

will resort to if an agreed outcome is not reached. The onus then lies in finding an outcome 

that satisfactorily meets the objectives of the agents and the community.  

The automated negotiation protocol utilised in the community-based P2P electricity 

trading also consists of a centralised communications and negotiations system. At the 

start of the trading process, the agents submit their individual preferences to a virtual 

community manager who acts as a mediator in the negotiations and as the market operator 

clearing the P2P electricity trades utilising the NBS or the ESW functions. This virtual 

community-manager agent can be a cloud-based centralised server shown in Figure 5.2. 
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Thus, the software agents representing the Buyer and Seller agents send their different 

trading characteristics and preferences. Negotiations occur within the cloud platform 

without direct communication between the two agents. This also means that the agents 

are not required to utilise individual negotiation strategies to maximise their outcome. 

Instead, they must rely on the centralised trading mechanism used in clearing the trades 

and trust that the trades will be cleared most efficiently, satisfactorily, and fairly. Fair 

here means a way that maximises the utilities of all negotiating agents without any agent 

gaining more from the trade than its opponent. 

 

Figure 5.2: Centralised automated negotiations where bilateral negotiations occur without direct 

communication between the P2P electricity negotiating agents. 

Algorithm 1: Automated centralised clearing of the P2P electricity negotiations 
For  𝑵𝑵𝒊𝒊  =  {𝑁𝑁𝑛𝑛𝑖𝑖𝑔𝑔ℎ𝑡𝑡,  𝑁𝑁𝑚𝑚𝑚𝑚𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔, 𝑁𝑁𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛,  𝑁𝑁𝑎𝑎𝑒𝑒𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛𝑔𝑔} set of periods 
        𝑸𝑸𝑵𝑵𝒊𝒊 =  [0.00, 0.25, 0.5, 1.00, 1.50] kWh (electricity quantities per period) 
        𝑷𝑷𝑵𝑵𝒊𝒊 =  [0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9] £/kWh (set of prices per kWh) 

𝑺𝑺 =  �𝑚𝑚𝑘𝑘
𝐴𝐴� Set of all offers to be considered 

Inputs: 
20.  𝒒𝒒𝑵𝑵𝒊𝒊

𝑩𝑩𝑰𝑰𝒒𝒒𝑩𝑩𝒊𝒊𝑩𝑩𝑰𝑰𝑰𝑰 = Electricity quantities per period from the set of 𝑸𝑸𝑵𝑵𝒊𝒊 
21.  𝑵𝑵𝒊𝒊

∗ = Importance of period (on a scale of 0 – 3 for not important to most 
important) 

22. 𝜸𝜸𝑵𝑵𝒊𝒊 = Demand/Supply elasticity factor (logical “Yes” or “No”) 
23. 𝝋𝝋𝑵𝑵𝒊𝒊 = Demand/Supply Flexibility factor (logical “Yes” or “No”) 
24. 𝑺𝑺𝒈𝒈𝒊𝒊  = grid price of electricity or (gasoline/diesel) generator electricity cost. 
25. 𝑴𝑴𝑺𝑺𝑵𝑵𝒊𝒊= seller’s marginal cost of producing one unit of electricity per period 
26. 𝒘𝒘𝑺𝑺   = Agent’s weight for cost-savings (if Buyer agent) or profit (if Seller agent) 
27. 𝒘𝒘𝑸𝑸 = Agent’s weight for electricity quantities 

Initialize: 

Seller Agent Buyer Agent

Send Profile and Preferences Send Profile and Preferences

Centralised Trading 
Platform

(NBS, ESW) 
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28.  For j = 1 to 𝑞𝑞𝑁𝑁𝑖𝑖
𝑚𝑚𝑎𝑎𝑥𝑥 do 

29.      𝑭𝑭𝒎𝒎𝒌𝒌
𝑩𝑩𝑩𝑩𝑩𝑩𝑰𝑰𝑩𝑩 = Buyer agent utility function for electricity quantities 

30.     𝑫𝑫𝒎𝒎𝒌𝒌
𝑺𝑺𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩 = Seller agent utility function for electricity quantities 

31.     For k = 1 to 𝑆𝑆 do 
32.         𝑺𝑺𝒎𝒎𝒌𝒌

𝑨𝑨 = Total cost-savings for Buyer Agent of offer 𝒎𝒎𝒌𝒌
𝑨𝑨 

33.         𝑫𝑫𝒎𝒎𝒌𝒌
𝑨𝑨 = Total profits expected to be made on offer by Seller Agent 

34.         𝓤𝓤
𝒎𝒎𝒌𝒌
𝑨𝑨

𝑩𝑩𝑩𝑩𝑩𝑩𝑰𝑰𝑩𝑩 =  𝑤𝑤𝐶𝐶𝐶𝐶𝑚𝑚𝑘𝑘
𝐴𝐴 + 𝑤𝑤𝑄𝑄𝐹𝐹𝑚𝑚𝑘𝑘

𝐴𝐴; Buyer agent utility function 

35.         𝓤𝓤𝒎𝒎𝒌𝒌
𝑨𝑨

𝑺𝑺𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩 = 𝑤𝑤𝓅𝓅𝑅𝑅𝑚𝑚𝑘𝑘
𝐴𝐴 + 𝑤𝑤𝓆𝓆𝐸𝐸𝑚𝑚𝑘𝑘

𝐴𝐴; Seller agent utility function 

36.         Nash BS = argmax �𝒰𝒰
𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 × 𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎�; Clearing the P2P using NBS 

37.         ESW = 𝒎𝒎𝑰𝑰𝒎𝒎�𝒎𝒎𝒊𝒊𝒎𝒎�𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎,𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎��; Clearing the P2P trades with the 

egalitarian social welfare function 
38.    end 
39. end 
40. Return 

 

The following sections detail the axiomatic solutions proposed in the centralised 

framework to determine a fair and efficient negotiation outcome. 

5.2.1 The Nash Bargaining Solution  

The Nash bargaining solution (NBS) is a seminal work of Nash where he specifically 

analysed the bargaining problem and defined an outcome (solution) for it axiomatically 

[233]. The method combines the utilities of the negotiating/bargaining parties (automated 

agents in this study) and determines how much each agent/player should expect to benefit 

from the negotiation. Detailing the negotiation problem in terms of a set of possible or 

feasible outcomes, some of which are reasonable or acceptable to both parties, Nash 

defined the negotiation problem as finding a bargaining function that maps the set of 

possible or feasible outcomes to the set of acceptable ones. To determine this function, 

Nash idealised the negotiation problem by assuming that both negotiating agents are 

perfectly rational, can each compare their preferences accurately for the possible 

outcomes, are equal in bargaining skills, and each has complete knowledge of the 

preferences of the other [103]. These assumptions can also be likened to the centralised 

system proposed in this framework. Under these assumptions, a mathematical model of 

the negotiation problem was formulated, as shown in equation (5.1).  
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𝑓𝑓(𝛺𝛺,𝑝𝑝) ∈ 𝑚𝑚𝑝𝑝𝑛𝑛𝑚𝑚𝑚𝑚𝑥𝑥
𝑈𝑈𝐼𝐼 ∈ 𝑈𝑈𝐼𝐼 ≥ 𝑟𝑟𝐼𝐼

��𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑑𝑑𝑝𝑝𝑝𝑝 −  𝒰𝒰𝑟𝑟
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎�× �𝒰𝒰𝑚𝑚𝑘𝑘

𝐴𝐴
𝑆𝑆𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝  −  𝒰𝒰𝑟𝑟

𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎�� 

(5.1) 

Where Ω is the set of all possible outcomes (𝑚𝑚𝑘𝑘
𝐴𝐴) consisting of the utility pairs of the 

Buyer and Seller utilities 𝒰𝒰
𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 and 𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎, respectively, as defined in subsections 3.3 

of Chapter 3. 𝒰𝒰𝑟𝑟
𝐴𝐴𝑔𝑔𝑎𝑎𝑛𝑛𝑡𝑡 is the utility of the prespecified disagreement outcome for the 

agents. This solution combines and evaluates the agents combined utilities, and then 

maximises the product of the agents’ utilities over the set of feasible payoffs based on the 

following five axioms: 

• Axiom 1 (Individuality Rationality): This axiom asserts that the bargaining 

solution should give neither agent less utility than what would be gotten from the 

agent’s disagreement utility. That is 𝑓𝑓(𝛺𝛺,𝑝𝑝)  ≥  𝒰𝒰𝑟𝑟
𝐴𝐴𝑔𝑔𝑎𝑎𝑛𝑛𝑡𝑡. 

• Axiom 2 (Symmetry): This axiom asserts that the solution be independent of the 

agents. That is the outcome to the agents’ bargaining problem should be invariant 

to the agent except where the agents’ respective utility functions and disagreement 

utilities are different. For example, if the Buyer and Seller agents switch utilities, 

then the solution should also switch accordingly. 

• Axiom 3 (Pareto-optimality): This axiom asserts that the solution is not only 

feasible but strongly efficient wherein there should not exist another outcome with 

a higher utility for both agents.  

• Axiom 4 (Invariance): The solution should also be invariant to equivalent utility 

representations of the agents, both linear and affine transformations. For example, 

if an agent’s utility function is multiplied by 3, it shouldn’t change the outcome 

rather, it only indicates that the agent values the outcome thrice as much. 

• Axiom 5 (Independence of Irrelevant Alternatives): This axiom asserts that 

eliminating infeasible outcomes (irrelevant alternatives to the solution) should not 

affect the solution, especially if the set of possible outcomes increases as these 

new possible outcomes are deemed irrelevant to the solution. 
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5.2.2 The Egalitarian Social Welfare 

The egalitarian social welfare (ESW) function combines the individual utilities of the 

bilateral agents and determines the social quality of a negotiation outcome, hence, the 

term “social welfare” function. A social welfare function gives a measure of how good 

or bad a negotiation outcome is for the society of negotiating agents. It can easily be 

likened to the individual agent utility function, which measures how good or bad a 

negotiation outcome is to the agent. However, the social welfare function aggregates the 

utilities of all the individual negotiating agents to a number that maximises the societal 

utility [103, 240]. In the case of the egalitarian social welfare function, it seeks to promote 

the welfare (satisfaction) of the worse-off agent. Thus, given a negotiation problem 

characterised by a negotiation domain space of possible and feasible outcomes Ω𝐼𝐼, the 

egalitarian social welfare function proposes the outcome which maximises the minimum 

utilities of the negotiation agents, as shown in equation (5.2).  

𝑓𝑓(𝛺𝛺, 𝑝𝑝) ∈ 𝑚𝑚𝑚𝑚𝑥𝑥 �𝑚𝑚𝑝𝑝𝑛𝑛 �𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑑𝑑𝑝𝑝𝑝𝑝,𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝑆𝑆𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝 �� 

(5.2) 

Where 𝒰𝒰
𝑚𝑚𝑘𝑘
𝐴𝐴

𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 and 𝒰𝒰𝑚𝑚𝑘𝑘
𝐴𝐴

𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 are the utilities of the Buyer and Seller agents, as defined in 

sections 3.3. Thus, the following section presents the simulated negotiation solutions to 

the centralised P2P electricity trading, utilising the NBS and the ESW. 

5.3 Negotiation Simulations and Comparison 

This section presents the negotiation results of the centralised P2P electricity negotiations 

for agents engaged in bilateral negotiations utilising both the Nash bargaining solution 

and the egalitarian social welfare function. Furthermore, a comparison of the agents’ 

outcomes from both the centralised and decentralised P2P electricity negotiation 

frameworks is studied. This is necessary given the background of settings for which this 

study is being modelled; that is regions with weak grid or no grid supply whereby the 

market objective is to improve electricity access in the local community.  This comparison 

is done to determine which of the frameworks/methodologies will promote this objective. 

Thus, it compares the outcomes of the agent’s best heuristic strategy utilised in the 

decentralised P2P negotiation framework of Chapter 4 with the NBS and ESW outcomes 

obtained in the centralised P2P electricity negotiation framework. It also utilises the agent 
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profiles listed in section 3.5 of Chapter 3, which are the same profiles used in the 

decentralised framework/methodology. 

5.3.1 Centralised Bilateral Negotiations (CBN) 1  

This is the centralised P2P electricity negotiations between the Seller and Buyer 1 agents. 

With both agents utilising their respective agents' negotiation profiles defined in section 

3.3 and 4.4, Figures 5.3 and 5.4 show the bilateral P2P electricity negotiation domains of 

the two agents for the cloudy-day and sunny-day cases, respectively. These show the 

utilities of the community-based negotiation outcomes obtained from implementing the 

Nash bargaining solution (NBS) and the Egalitarian social welfare function (ESW) in the 

centralised negotiation framework. It also shows the utility of the decentralised P2P 

automated negotiations outcome when both Seller and Buyer 1 agents independently 

utilised their best negotiation strategies of Linear Heuristics (LH) and Expert Heuristics 

(EH), respectively.  

 

Figure 5.3: The cloudy-day case negotiation domain showing the utilities of the Nash Bargaining 

Solution (NBS) outcome and the Egalitarian Social Welfare (ESW) outcome for the centralised 

P2P automated negotiations, as well as the utility of the Agreed Outcome from the decentralised 

P2P automated negotiations. 
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Figure 5.4: The sunny-day case negotiation domain showing the utilities of the Nash Bargaining 

Solution (NBS) outcome and the Egalitarian Social Welfare (ESW) outcome for the centralised 

P2P automated negotiations, as well as the utility of the Agreed Outcome from the decentralised 

P2P automated negotiations. 

Firstly, the Figures show that both types of bilateral automated agent negotiations yielded 

positive outcomes for the negotiating agents; meaning a bargain was reached using both 

types of negotiation protocol, and all the outcomes were also pareto-efficient. However, 

the bargains or outcomes reached hold various degrees of satisfaction for the respective 

agents as seen in their respective utilities for the bargains reached. For the cloudy-day 

case bilateral P2P electricity negotiations of Figure 5.3, with utility outcomes of 0.7143 

and 0.4074 respectively, the Buyer 1 and Seller agents obtained their best satisfaction 

from the decentralised and centralised (ESW) outcomes, respectively. However, while 

the Seller’s utilities for the three solutions may seem low compared to that of the Buyer 

1 agent, a closer observation of the negotiation domain visibly show that the Buyer 

agent’s maximum obtainable utility (satisfaction) from the negotiations is 1.00, 

equivalent to 100% if measuring the satisfaction in terms of percentage, with its minimum 

utility in this negotiation domain given as 0.0745 (7.45%). In contrast, the Seller agent’s 

maximum obtainable utility from the cloudy-day case negotiations is approximately 
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0.6574 (65.74%), with a minimum utility of 0.0154 (1.54%). This is partly because, as 

far as the negotiations go, the Buyer agent requirement, even if fully met by the Seller 

agent, will still leave the Seller agent with surplus PV during its supply preferred periods 

of resource availability. Hence, if both agents’ utilities for the different outcomes are 

normalised as shown in Table 5.1 and using equation (5.3), the Buyer 1 agent’s 

normalised utilities for the centralised (NBS and ESW) and decentralised (D_P2P) 

negotiations are 0.5369, 0.4019, and 0.6913, respectively. At the same time, that of the 

Seller agent is given as 0.5961, 0.6106, and 0.5452, respectively. From the normalised 

agents’ utilities, it can be seen that the Seller agent was more satisfied with the centralised 

negotiations while the Buyer 1 agent faired better in the decentralised negotiation using 

its Expert heuristic strategy.  

𝒰𝒰𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎
𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚𝑎𝑎𝑜𝑜𝑖𝑖𝑟𝑟𝑎𝑎𝑟𝑟 =

𝒰𝒰𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎
𝑂𝑂𝐵𝐵𝑡𝑡𝑠𝑠𝑚𝑚𝑚𝑚𝑎𝑎 − 𝒰𝒰𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎

𝑀𝑀𝑖𝑖𝑛𝑛

𝒰𝒰𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎
𝑀𝑀𝑎𝑎𝑥𝑥 − 𝒰𝒰𝑆𝑆𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎

𝑀𝑀𝑖𝑖𝑛𝑛  

(5.3) 

Table 5.1: Agents Normalised Utilities for the Cloudy-day case Bilateral Negotiations 1 

Negotiation Outcome Buyer 1 Agent Seller Agent 

Nash Bargaining Solution 0.5369 0.5961 

Egalitarian Social Welfare 0.4019 0.6106 

Decentralised negotiations 0.6913 0.5452 

Similarly, for the sunny-day case bilateral negotiations, as shown in Figure 5.4, the Seller 

agent appears even worse off than during the cloudy-day case negotiations with utilities 

as low as 0.125, 0.1991, and 0.213 for the decentralised (D_P2P) and centralised (NBS 

and ESW), respectively. However, given the Seller agent’s minimum and maximum 

utilities of 0.0077 and 0.6389, obtainable in this negotiation, the normalised Seller agent 

utilities for the same set of D_P2P, NBS, and ESW outcomes are 0.1858, 0.3032, and 

0.3253, respectively. These values are relatively low because, as far as the sunny-day case 

negotiations with the Buyer 1 agent are concerned, the Buyer 1 agent’s total electricity 

demand for the day is only a third of the Seller agent’s tradeable surplus PV. Hence, 

leaving the Seller agent dissatisfied if trading with only this agent. On the contrary, the 

Buyer 1 agent’s utilities for the negotiation outcomes are mostly the same, except for the 
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centralised ESW solution at 0.3839, as its electricity requirement for the periods is the 

same. Thus, its normalised utilities are still high and unchanged, as shown in Table 5.2, 

except for the ESW outcome at 0.3343.  

Table 5.2: Agents Normalised Utilities for the Sunny-day case Bilateral Negotiations 1 

Negotiation Outcome Buyer 1 Agent Seller Agent 

Nash Bargaining Solution 0.5369 0.3032 

Egalitarian Social Welfare 0.3343 0.3253 

Decentralised negotiations 0.6913 0.1858 

Subsequently, Figures 5.5 and 5.6 show the actual negotiation outcomes in terms of 

electricity quantities per period, for both the Sunny-day case and Cloudy-day cases, 

respectively. And Figure 5.7 shows the electricity unit price obtained in each negotiation 

outcome. In addition to the agent’s utility, these graphs illustrate the actual quantities 

obtained in the different negotiation outcomes for both day cases. For the sunny-day case 

centralised negotiations, these are (0.25, 0.25, 0.00, 1.00, $0.9) and (0.25, 1.00, 0.00, 0.25, 

$0.9) for the day-ahead negotiation package of (Night, Morning, Afternoon, Evening, unit 

Price) as obtained with the Nash bargaining solution (NBS) and the Egalitarian Social 

Welfare (ESW), respectively. While the unit price negotiated by the Buyer 1 agent in the 

decentralised negotiation outcome of (0.25, 0.25, 0.00, 1.00, $0.7) show why this 

outcome yielded a higher utility for the agent. For the cloudy-day case centralised 

negotiations, the actual electricity and price gotten were (0.25, 0.25, 0.00, 1.00, $0.9), 

(0.00, 0.50, 0.00, 1.00, $0.9), and (0.25, 0.25, 0.00, 1.00, $0.7) for the NBS, ESW, and 

D_P2P outcomes. Of the three outcomes, the ESW quantities differed from the quantities 

demanded by the Buyer. As observed from the negotiation outcomes, there is no one size 

fits all. Each negotiation outcome achieves a different objective. However, the objective 

here in this thesis is to improve electricity access. Hence, the Nash bargaining solution 

(NBS) meets that market objective. This is because the NBS advances the utility of the 

Seller agents more than that of the ESW and decentralised outcomes. The actual quantities 

also contained in the NBS meet the daily requirement of the Buyer 1 agent. 
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Figure 5.5:Chart  illustrating the negotiated electricity quantities per period between the Buyer 1 

and Seller agents for the sunny-day case centralised and decentralised P2P bilateral negotiations. 

 

Figure 5.6: Chart showing/illustrating the negotiated electricity quantities per period between the 

Buyer 1 and Seller agents  for the cloudy-day case centralised and decentralised P2P bilateral 

negotiations 
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Figure 5.7: Graph comparing the electricity unit prices obtained in the decentralised and 

centralised bilateral P2P negotiations with the Bid and Offer prices of the Buyer 1 and Seller 

agents, respectively. 

5.3.2 Centralised Bilateral Negotiations (CBN) 2 

Bilateral negotiations 2 is the bilateral P2P electricity negotiations between the Seller and 

Buyer 2 agents. With both agents utilising their respective agents' negotiation profiles 

defined in sections 3.3 and 4.4, Figures 5.8 and 5.9 show the bilateral P2P electricity 

negotiation domains of the two agents for the cloudy-day and sunny-day cases, 

respectively. These show the utilities of the community-based negotiation outcomes 

obtained from implementing the Nash bargaining solution (NBS) and the Egalitarian 

social welfare function (ESW) in the centralised negotiation framework. It also shows the 

utility of the decentralised P2P automated negotiations outcome when both Seller and 

Buyer 2 agents independently utilised their best negotiation strategies: the Expert 

Heuristic (EH) strategy, respectively.  
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Figure 5.8: The cloudy-day case negotiation domain for the Buyer 2 and Seller agents showing 

the utilities of the Nash Bargaining Solution (Nash outcome) and the Egalitarian Social Welfare 

(ESW) outcome for the centralised P2P automated negotiations, as well as that of the Agreed 

Outcome from the decentralised P2P automated negotiations. 
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Figure 5.9: The sunny-day case bilateral negotiation domain showing the utilities of the Nash 

Bargaining Solution (NBS) outcome and the Egalitarian Social Welfare (ESW) outcome for the 

centralised P2P automated negotiations, as well as the utility of the Agreed Outcome from the 

decentralised P2P automated negotiations. 

Similar to CBN 1, the Figures show that both types of the bilateral automated agent 

negotiations 2 yielded positive outcomes for the negotiating agents, with the centralised 

solutions (NBS and ESW) being pareto-efficient while the decentralised outcome 

(D_P2P) was suboptimal. The bargains reached hold various degrees of satisfaction for 

the respective agents as seen in their respective utilities. For the cloudy-day case bilateral 

P2P electricity negotiations of Figure 5.8, the Buyer 2 agent had the same degree of 

satisfaction (0.8333) for the bargains reached in both the NBS centralised negotiations 

and the decentralised (D_P2P) negotiations. Compared with the Seller agent which had 

its highest utility of 0.4352 from the ESW centralised negotiation and its least utility of 

0.3765 from the decentralised negotiations, the Buyer 2 agent had its least utility of 

0.5045 from the ESW centralised negotiation. Given the agents’ utility limits of  [0.0745, 

1.000] and [0.0154, 0.6574] for the Buyer 2 and Seller agents, respectively, their 

normalised utilities for the NBS and ESW centralised outcomes as well as the 

decentralised (D_P2P) outcome utilising equation (5.3) are given in Table 5.1.  
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Table 5.3: Agents Normalised Utilities for the Cloudy-day case Bilateral Negotiations 2 

Negotiation Outcome Buyer 2 Agent Seller Agent 

Nash Bargaining Solution 0.8199 0.5769 

Egalitarian Social Welfare 0.4646 0.6539 

Decentralised negotiations 0.8199 0.5625 

Similarly, for the sunny-day case bilateral negotiations, as shown in Figure 5.9, the Seller 

agent appears even worse off than during the cloudy-day case negotiations with utilities 

as low as 0.1883, 0.1929, and 0.2222 for the decentralised (D_P2P) and centralised (NBS 

and ESW), respectively. However, given the Seller agent’s minimum and maximum 

utilities of 0.0077 and 0.6389, obtainable in the sunny-day case negotiation with Buyer 2 

agent, the normalised Seller and Buyer 2 agent's utilities for the set of negotiation 

outcomes are shown in Table 5.4. The outcome utilities show that the Seller agent was 

not very satisfied with the outcomes of the negotiations. This is as a result of still having 

enough surplus PV capacity to trade, having concluded negotiations with the Buyer 2 

agent. With two-thirds of its available surplus PV not traded, the Seller agent would have 

low satisfaction from the negotiations.  

Table 5.4: Agents Normalised Utilities for the Sunny-day case Bilateral Negotiations 2 

Negotiation Outcome Buyer 2 Agent Seller Agent 

Nash Bargaining Solution 0.8199 0.2934 

Egalitarian Social Welfare 0.2621 0.3398 

Decentralised negotiations 0.8199 0.2861 

Subsequently, Figures 5.10 and 5.11 show the actual negotiation outcomes in terms of 

electricity quantities per period, for both the Sunny-day and Cloudy-day cases, 

respectively. And Figure 5.12 shows the electricity unit price obtained in each of the 

negotiation outcomes. For the sunny-day case centralised negotiations, these are (0.25, 

0.25, 0.25, 1.00, $0.8) and (0.00, 0.50, 1.00, 0.00, $0.9) for the day-ahead negotiation 

package of (Night, Morning, Afternoon, Evening, unit Price) as obtained with the Nash 
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bargaining solution (NBS) and the Egalitarian Social Welfare (ESW), respectively. While 

for the decentralised negotiation, it is a day-ahead package deal of (0.50, 0.25, 0.00, 1.00, 

$0.8). For the cloudy-day case centralised negotiations, the actual electricity quantities 

and unit price gotten were (0.25, 0.25, 0.25, 1.00, $0.8), (0.25, 0.25, 1.00, 0.00, $0.8), and 

(0.50, 0.25, 0.00, 1.00, $0.8) for the NBS, ESW, and D_P2P outcomes, respectively. 

Similar to the centralised bilateral negotiations 1, the actual outcome of the NBS 

methodology matches the demand of the Buyer 2 agent and also advances the objective 

of the Seller agent more than the other solutions. Hence, given the three methods 

analysed, the centralised NBS solution will benefit the joint interest of the community-

based agent. 

 

 

Figure 5.10: Chart showing the negotiated electricity quantities per period between the Buyer 2 

and Seller agents for the sunny-day case centralised and decentralised P2P bilateral negotiations. 
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Figure 5.11: Chart showing the negotiated electricity quantities per period between the Buyer 2 

and Seller agents for the cloudy-day case centralised and decentralised P2P bilateral negotiations. 

 

Figure 5.12: Graph comparing the electricity unit prices obtained in the decentralised and 

centralised bilateral P2P negotiations with the Bid and Offer prices of the Buyer 2 and Seller 

agents, respectively. 
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5.3.3 Centralised Bilateral Negotiations (CBN) 3 

This negotiation is the bilateral P2P electricity negotiations between the Seller and Buyer 

3 agents. With both agents utilising their respective agents' negotiation profiles defined 

in sections 3.3 and 4.4, Figures 5.13 and 5.14 show the bilateral P2P electricity 

negotiation domains for the cloudy-day and sunny-day cases, respectively. These show 

the utilities of the community-based negotiation outcomes obtained from implementing 

the Nash bargaining solution (NBS) and the Egalitarian social welfare function (ESW) in 

the centralised negotiation framework. It also shows the utility of the decentralised P2P 

automated negotiations outcome when both Seller and Buyer 3 agents independently 

utilised their best negotiation strategies of the Expert (EH) and Conceder Heuristics (CH) 

strategies, respectively 

 
Figure 5.13: The cloudy-day case negotiation domain for the Buyer 3 and Seller agents showing 

the Nash Bargaining Solution (Nash outcome) and the Egalitarian Social Welfare (ESW) 

outcome of the centralised P2P automated negotiations, as well as the Agreed Outcome from the 

decentralised P2P automated negotiations. 
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Figure 5.14: The sunny-day case negotiation domain for the Buyer 3 and Seller agents showing 

the Nash Bargaining Solution (Nash outcome) and the Egalitarian Social Welfare (ESW) outcome 

from the centralised P2P automated negotiations, as well as the Agreed Outcome 

Similar to the Bilateral negotiations 1, the Figures show that both types of the bilateral 

automated agent negotiations 3 yielded positive outcomes for the negotiating agents, with 

all three outcomes being pareto-efficient. However, the bargains reached hold various 

degrees of satisfaction for the respective agents as seen in their respective utilities. For 

both the cloudy-day and sunny-day bilateral P2P electricity negotiations (Figures 5.13 

and 5.14), the Buyer 3 agent had the same degree of satisfaction (0.4667) for the bargains 

reached in the centralised negotiation outcomes of NBS and ESW, while having a higher 

but the same utility (0.7333) for the decentralised (D_P2P) negotiations. Likewise, the 

Seller agent had the same utility of 0.25 for the cloudy-day case centralised (NBS and 

ESW) negotiations, but a lower utility of 0.1019 for the decentralised (D_P2P) 

negotiations. Also, for the sunny-day case, the Seller agent’s utility was further reduced 

(halved precisely) both types of negotiations, with a utility of 0.125 for the centralised 

(NBS and ESW) negotiation outcomes, and a much lesser 0.05093 for the decentralised 

(D_P2P) negotiation outcome. Considering the agents respective minimum and 

maximum utility limits for both the cloudy and sunny day cases, respectively, Tables 5.3 

and 5.4 show the agents normalised utilities for the different negotiation outcomes. 
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Table 5.5: Agents Normalised Utilities for the Cloudy-day case Bilateral Negotiations 3 

Negotiation Outcome Buyer 3 Agent Seller Agent 

Nash Bargaining Solution 0.4238 0.3654 

Egalitarian Social Welfare 0.4238 0.3654 

Decentralised negotiations 0.7118 0.1347 

  

Table 5.6: Agents Normalised Utilities for the Sunny-day case Bilateral Negotiations 3 

Negotiation Outcome Buyer 3 Agent Seller Agent 

Nash Bargaining Solution 0.4238 0.1858 

Egalitarian Social Welfare 0.4238 0.1858 

Decentralised negotiations 0.7118 0.0685 

 

Subsequently, Figures 5.15 and 5.16 show the actual negotiation outcomes in terms of 

electricity quantities per period, for both the Sunny-day and Cloudy-day cases, 

respectively. And Figure 5.17 shows the electricity unit price obtained in each of the 

negotiation outcomes. These actual quantities give a clearer understanding and visibility 

to the utilities gotten. For the sunny-day case centralised negotiations, these are (0.25, 

0.25, 0.00, 1.00, $0.7) for both centralised negotiation outcomes of Nash bargaining 

solution (NBS) and the Egalitarian Social Welfare (ESW), and (0.25, 0.25, 0.00, 1.00, 

$0.5) for the decentralised (D_P2P) negotiation. These outcomes show that the electricity 

quantities are the same for all periods and as required by the Buyer 3 agent, but the unit 

price of electricity obtained in the different negotiations greatly impacts the agents’ 

utilities. The same negotiation outcomes (electricity quantities per period and electricity 

unit price) were obtained for the cloudy-day case, thus explaining why the Buyer 3 agent 

utilities were precisely the same, irrespective of the day case. However, this resulted in a 

very low utility for the Seller agent, especially the sunny-day case decentralised 

negotiation outcome, because of both the surplus PV electricity outstanding and the 



145 
 

relatively low unit price for the electricity traded with the Buyer 3 agent. With this type 

of bilateral negotiation, any of the two centralised solutions would suffice for both agents. 

 

Figure 5.15: Chart showing the negotiated electricity quantities per period between the Buyer 3 

and Seller agents  for the sunny-day case centralised and decentralised P2P bilateral negotiations 

 

Figure 5.16: Chart showing the negotiated electricity quantities per period between the Buyer 3 

and Seller agents  for the cloudy-day case centralised and decentralised P2P bilateral negotiations. 
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Figure 5.17: Graph comparing the electricity unit prices obtained in the decentralised and 

centralised bilateral P2P negotiations with the Bid and Offer prices of the Buyer 3 and Seller 

agents, respectively 

 

5.4 Concluding remarks 

This Chapter studied the community-based, centralised P2P automated negotiation 

framework as an alternative to the fully decentralised P2P electricity negotiation 

framework for off and weak grid electricity prosumers and consumers. Akin to the 

decentralised framework studied in Chapter 4, three Buyer agent profiles representing the 

different electricity consumption behaviours were simulated. Hence, three sets of 

centralised bilateral negotiations (CBN 1 – 3) were studied. Also studied were the two 

surplus PV generation scenarios – the cloudy and sunny day cases – typifying the Seller 

agent’s worse and best day scenarios, respectively.  In comparing the two bilateral P2P 

negotiation framework methodologies, each agent’s best negotiation strategy from the 

decentralised negotiations was utilised along with the centralised negotiation 

methodologies proposed in the centralised negotiation framework. These are the Nash 

bargaining solution (NBS) which combines the negotiating agents’ utilities and 

maximises the product of the utilities. And the Egalitarian social welfare (ESW) 

methodology which combines the negotiating agents’ utilities and maximises the 

minimum of the combined utilities. 
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With normalised utility values ranging from 0.69 – 0.82, results show that all three Buyer 

agents derive more satisfaction (higher utility) from the decentralised bilateral 

negotiations with the agents utilising their individual negotiation strategies, than from the 

centralised bilateral negotiations. This is in contrast to the Seller agents who at a 

normalised utility range of 0.0685 – 0.5625, from had relatively low satisfaction with the 

decentralised trades. However, the Seller agents had better satisfaction with the 

centralised negotiation protocol, with the Seller agent having approximately 7% more 

satisfaction with the centralised ESW methodology than the centralised NBS 

methodology. A study of the actual electricity quantities and the unit price of the 

electricity, as contained in each solution, further revealed that the centralised NBS 

methodology matched most closely with the Buyer agents’ electricity requirement of 

(0.25, 0.25, 0.00, 1.00) kWh for the (Night, Morning, Afternoon, Evening) periods of the 

day. However, given the market objective as analysed in this thesis, there is need to 

incentivise both prosumer and consumers agents’ participation in the P2P electricity 

negotiation market. The Nash bargaining solution might be the trading solution to achieve 

this objective in this study.  
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Chapter 6. Market-Entry Evaluation 
Framework (MEEF) for Off-Grid Agents 

A framework for assessing the trading potential of peers in an off-grid setting seeking 

participation and entry into a local P2P electricity market is presented in this chapter. This 

is necessary given the lack of high data visibility and granularity required for precise 

analysis and forecasts of electricity consumption and generation. These peers or potential 

trading agents are categorised/classified into two broad groups: prosumers who own low 

carbon energy technologies such as off-grid solar PV systems for electricity generation 

and consumers who may own gasoline or diesel-powered generator. However, only 

‘green’ electricity generated from renewable energy systems (generators) are approved 

for trading in the proposed P2P electricity market in this thesis. This is to encourage the 

widespread adoption of RE generators, especially solar PV systems, and further raise 

awareness of the negative impact of fossil fuels on the climate. Work presented in this 

Chapter has been submitted to a peer-reviewed journal for publication and is currently 

under review. 

6.1 Research Contributions 

In Chapter 2 of this thesis, a review of installed off-grid solar home systems (in the SSA 

region) revealed key challenges in the methodologies used in/for the design of these 

systems, especially when estimating the electricity consumption of off-grid households. 

The main limitations identified included the lack of high data visibility and temporal 

granularity required for precise forecasting. Also identified was the lack of regional-

specific optimisations to estimate the yield and performance of these off-grid PV systems, 

with the resultant effects being the installation of expensive and oversized systems.  

Simulated results of the off-grid solar PV systems also showed surplus PV-generated 

electricity that is often unutilised and wasted. With the provision of a local P2P electricity 

market utilising automated negotiations, this unutilised surplus PV generation can be 

traded to peers in the community. However, to ensure that any new techno-economic 

trading solution is economically viable for the local prosumers, a framework for assessing 

the overall yield and performance of these off-grid PV systems is required. Also required 

is a set of criteria for assessing the consumption requirements of prospective buyer agents.  

Thus, in proffering a solution to this issue, this work contributes to knowledge in the 

following points: 
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• This chapter presents a framework for evaluating off-grid solar PV prosumers and 

consumers seeking to participate in a local P2P electricity market.  

• It identifies and analyses four key market-entry criteria for off-grid solar PV 

prosumers seeking entry into a local P2P electricity market. These include the 

prosumers’ daily self-consumption based on installed battery depth-of-discharge, 

the trading potential determined by the surplus PV generation, the minimum offer 

price of the surplus electricity, and the potential CO2 savings contributions of the 

off-grid PV system. 

• This framework was validated by simulating the seven different sizes (0.5 – 5.0 

kWp) of off-grid PV systems frequently installed in Nigeria. Simulating these 

systems for four major cities in Nigeria, results show a daily surplus unutilised 

PV generation of approximately 0.8 – 16.6 kWh that can be traded daily on a local 

P2P electricity market. Given the over 9,580 kWp of SHSs installed in the 

country, this is an estimated daily surplus of approximately 15 – 32 MWh/day that 

can otherwise be utilised by consumers.  

• This thesis also shows that if this generated surplus PV electricity is traded on 

local P2P electricity markets, an estimated 3,495 – 30,255 Mt of CO2 emission 

savings per annum can be achieved from utilizing this surplus PV electricity. 

Furthermore, these trades will also result in an averted income loss of $250 – 

$2,550 per annum, based on the different COE calculated for each size of SHS 

and an estimated savings of at least $0.45 $8.50 for households using gasoline or 

diesel generators. 

• Finally, this work builds on the existing state of the art by improving the design 

of P2P electricity markets wherein off-grid prosumers can be incentivised to 

participate in the market. It also shows that P2P electricity trading has the potential 

to improve and increase access to affordable and sustainable electricity in regions 

in need, given the high uptake of renewable energy generation in these regions.  

The details of the proposed framework are presented in detail in the following sections.  

6.2 Assessing Off-Grid Households Electricity Demand 

As discussed in Chapter 2, given the challenges involved when identifying and estimating 

household electricity consumption, as well as incipient loads in developing regions with 
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poor electricity access like Sub-Saharan Africa, a useful and relevant guideline that can 

be utilized for measuring and evaluating access to electricity, is the World Bank Multi-

Tier Framework (MTF) for household electricity access [14]. Using a combination of 

energy attributes, the MTF provides the minimum requirements for measuring residential 

access to electricity across six tiers (0 – 5) of access with each tier further defined by the 

class of power appliances utilised. As seen in Table 6.1, these class of appliances range 

from the very low-power appliances of Tier-1 households to the very high-power 

appliances used by Tier-5 households. with each succeeding tier 

encapsulating/incorporating the appliances of the preceding tier. It is also important to 

note that Tier-0 category are households with no electricity supply or appliance 

whatsoever, so this tier is not included in the table. The MTF also categorises household 

electricity usage into seven types of services shown in Table 6.1, with each type of service 

having a range of appliances (low power to very high-power) that can be used for it. The 

range of appliances listed in Table 6.1 is also not exhaustive of the different types of 

appliances that can be used for the different services.  

The MTF further specifies two periods of minimum daily electricity availability for each 

tier of household appliances. These are the minimum hours the supplied electricity should 

be available for use. Thus, a minimum period of supply availability is specified for the 

evening/night period as well as a total minimum hours of supply availability in a 24-hour 

period. This evening/night period of supply availability is necessary because most 

household electricity usage such as lighting, cooking, leisure and entertainment, occur in 

this period which usually begins from sunset. It is also the period when most household 

members are present in the home, so it is therefore important to ensure the availability of 

electricity in the evenings.  The evening period also serves as the lower limit of supply 

availability in the day while the total minimum availability in the day serves as the upper 

availability limit, incorporating the evening period. Thus, a household can easily be 

classified into a tier depending on its hours of electricity supply per day and the 

period/time of day the electricity was available.  

Table 6.1:  Households Electricity utilisation and duration [14] 

Access tiers and 
appliances 

Electricity        
services and  
duration 

Tier 1 Tier 2 Tier 3 Tier 4 Tier 5 

Very low 
power 
appliances 

Low power 
appliances 

Medium 
power 
appliances 

High power 
appliances 

Very high-
power 
appliances 
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Electricity 
Services 

Lighting Task 
lighting 

Multipoint 
general 
lighting 

~ ~ ~ 

Leisure & 
Communicati
on 

Phone 
charging, 

radio 

Television 
computer, 

printer 
~ ~ ~ 

Space cooling 
& heating   Fan ~ 

Air cooler ~ ~ 
space heater 

Refrigeration     Refrigerator 
Freezer ~ ~ 

Mechanical 
loads     

Food 
processor, 

water pump 

Washing 
machine 

Vacuum 
cleaner 

Product 
heating      Iron, 

hairdryer Water heater 

Cooking     Rice cooker Toaster, 
Microwave 

Electric 
cooker 

Duration 
of supply 
(Hours) 

Hrs/evening 
(minimum) 1 2 3 4 4 

Total Hrs/Day 
(minimum) 4 4 8 16 23 

Thus, given the five tiers of electricity access specified in the MTF, let the wattage for 

the various household loads be defined in this study as: 

        𝐿𝐿 ∈  {𝐿𝐿1, 𝐿𝐿2, 𝐿𝐿3, 𝐿𝐿4, 𝐿𝐿5}            

(6.1a) 

where                                              𝐿𝐿𝑖𝑖 = �𝑓𝑓𝑖𝑖,𝑗𝑗, �;                 𝑖𝑖 = 1,…,5
𝑗𝑗 = 1,…,𝑛𝑛                                                    

(6.1b) 

For each household ℎℎ𝑖𝑖, let 𝑡𝑡𝑖𝑖 be the daily duration of use measured in hours for each 

appliance 𝑓𝑓𝑗𝑗 where 𝑡𝑡𝑖𝑖𝑎𝑎𝑒𝑒𝑎𝑎 and 𝑡𝑡𝑖𝑖
𝑟𝑟𝑎𝑎𝑎𝑎 are the minimum evening and daily hours of 

consumption, respectively. Furthermore, let the residential households for the five tiers 

of access be defined as the set of:  

𝐻𝐻𝐻𝐻 = {ℎℎ1, ℎℎ2,ℎℎ3,ℎℎ4,ℎℎ5} 

(6.2) 

with each household ℎℎ𝑖𝑖 defined as follows: 

ℎℎ1 =  {(𝐿𝐿1, 𝑡𝑡1) | 3𝑘𝑘 ≤ ∑𝐿𝐿1 < 50𝑘𝑘 ∧  1ℎ𝑝𝑝 ≤ 𝑡𝑡1 ≤ 4ℎ𝑝𝑝}                               

(6.3a) 
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ℎℎ2  = {(𝐿𝐿2, 𝑡𝑡2) | 50𝑘𝑘 ≤  ∑𝐿𝐿2  <  200𝑘𝑘 ∧  2ℎ𝑝𝑝 ≤  𝑡𝑡2  ≤  4ℎ𝑝𝑝}                      

(6.3b) 

ℎℎ3  =  {(𝐿𝐿3, 𝑡𝑡3) | 200𝑘𝑘 ≤  ∑𝐿𝐿3  <  800𝑘𝑘 ∧  3ℎ𝑝𝑝 ≤  𝑡𝑡3  ≤  8ℎ𝑝𝑝}                   

(6.3c) 

ℎℎ4  =  {(𝐿𝐿4, 𝑡𝑡4) | 800𝑘𝑘 ≤  ∑𝐿𝐿4  <  2000𝑘𝑘 ∧  4ℎ𝑝𝑝 ≤  𝑡𝑡4  ≤  16ℎ𝑝𝑝}             

(6.3d) 

ℎℎ5  =  {(𝐿𝐿5, 𝑡𝑡5) |∑𝐿𝐿5  ≥  2000𝑘𝑘 ∧  4ℎ𝑝𝑝𝑖𝑖 ≤  𝑡𝑡5  ≤  23ℎ𝑝𝑝}                             

(6.3e) 

Utilizing Table 6.1 and equations (6.3a – 6.3e), a household to be sized is first categorized 

into its specific tier of electricity access. That is, the household is classed based on the 

planned electricity services, type of power appliances to be utilised, and the peak power 

of these appliances. Considering that household loads/appliances are often used 

randomly, the electricity demand is thus defined as the wattage of all the household 

appliances assumed to be running coincidentally. The demand period also used in this 

study is the minimum evening hours of electricity consumption for each tier; that is 𝑡𝑡𝑖𝑖 =

𝑡𝑡𝑖𝑖𝑎𝑎𝑒𝑒𝑎𝑎. This demand estimation assumes a scenario where all loads are presumed to be in 

use at the same time, for the same duration, and during the period of least solar resource 

availability. While this scenario is unlikely, it nonetheless aids the reliability of the system 

design by planning for the eventuality of such demand. Hence, the daily electricity needs 

of a household are calculated as the sum of all loads running concurrently during the 

minimum evening hours specified for its tier. This daily household demand 𝐸𝐸ℎℎ𝑖𝑖 

measured in watt-hours per day (Wh/day), is given as: 

𝐸𝐸ℎℎ𝑖𝑖  =  𝑡𝑡𝑖𝑖𝑎𝑎𝑒𝑒𝑎𝑎�𝑓𝑓𝑖𝑖𝑗𝑗 
𝑛𝑛

𝑗𝑗=1

                 

(6.4) 

where  𝑡𝑡𝑖𝑖𝑎𝑎𝑒𝑒𝑎𝑎 is the demand period per day measured in hour(s) and 𝑓𝑓𝑖𝑖𝑗𝑗 is the power rating 

of each household appliance measured in Watts (W). Table 6.2 shows seven sets of loads 

(hh1 – hh7) representing the different classes of household appliances typically used in 

the Sub-Saharan African region and Nigeria in particular [40]. It also represents the range 

of households loads powered by the seven different sizes of off-grid SHSs frequently 

advertised and installed in Nigeria. For each set of loads, the total power is calculated and 
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shown as the sum of the wattage of all the appliances. This is also the total load to be 

powered by the respective off-grid PV system or grid electricity where there is one. 

However, some of these household appliances like washing machines, water pumps, and 

air-conditioners are recommended to be used only when the solar resource is readily 

available – if using an off-grid solar PV system – thus, shifting the demand to daytime 

periods only. These set of households’ loads are further categorised into their respective 

tiers of access utilising Table 6.1 and equation (6.3) above. Thus, based on the planned 

electricity services, the power appliances to be used, and the expected peak load, the sets 

of appliances are thus categorised. This categorisation further aids to determine the daily 

demand of the consumers and prosumers seeking to participate in the local P2P electricity 

market. 

Table 6.2: Classification of households loads in SSA/Nigeria. Adapted from [40] 

 
* These appliances are only to be used during daylight sunny hours provided the rated peak load is not exceeded. 

6.2.1 Agent Evaluation Framework  

Given the given the challenges involved when identifying and estimating household 

electricity consumption, as well as incipient loads in developing regions with poor 

electricity access like Sub-Saharan Africa, a framework for evaluating the off-grid 

prosumers and consumers potential capacity to participate in the P2P trading is presented 

in this section. Figure 6.1 illustrates the framework of the market-entry evaluation for 

prospective agents in off-grid or weak grid settings, seeking to participate in the P2P 

hh1 hh2 hh3 hh4 hh5 hh6 hh7

Tier 2 Tier 3 Tier 3 Tier 4 Tier 4 Tier 5 Tier 5

1 Lighting 15W LED Lights 4 6 8 10 10 12 12
120W TV 1 1 1 2 2 2 2
Gadgets (20W lot) 1 1 1 1 1 1 2
Sound System (60) - 1 1 1 1 1 2
50W Fan 1 2 3 3 3 3 4
1kW Air-
conditioning Unit 

- - - - - - 1*

200W Small Fridge - 1 - - - - 1
300W Large Fridge - - 1 - 1 1 1

400W Deep freezer - - 1 - 1 1

5
1.5kW Washing 
machine

- - - 1* 1* 1* 1*

6 750W Water pump - - - 1* 1* 1* 1*

7 Cooking 800W Microwave - - 1* 1 1 1

Peak load (W) 250 590 770 1020 1,600 2,150 2,480

2

Refrigeration

Mechanical loads

3

4

Leisure & 
Communication

Space cooling

Appliances 
description & 

wattage
Electricity Services
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electricity market. The figure outlines the steps required to evaluate/assess such off-grid 

consumers or prosumers. For all prospective trading agents, the wattage of all individual 

loads to be powered are first inputted. This means that any home or business owner 

seeking to participate in the P2P market must first digitally state the wattage of all the 

appliances currently being powered (if a prosumer with a renewable energy asset) or the 

wattage of all the loads that they plan to utilise, if a consumer seeking to buy electricity 

from the market.  

Similarly, if any electricity generating asset is owned by the prospective market 

participant, the nameplate capacity of the generator and the type of fuel – be it fossil-fuel 

or renewable energy source – must be stated. Also stated is the date of installation to help 

determine the age of the generator and the levelized cost of electricity (LCOE) generation. 

Subsequently, the loads are classified into their respective tiers of electricity access 

utilising Tables 6.1 and 6.2. This classification helps to estimate the minimum hours of 

electricity consumption in the day; that is 𝑡𝑡𝑎𝑎𝑒𝑒𝑎𝑎. The average daily demand is then 

estimated utilising equation (6.4). Next, the ownership of a generating asset that utilises 

renewable energy for its fuel differentiates between a prospective Seller and Buyer agents. 

Consequently, the prospective agents are evaluated for their trading potential and 

requirements. The following sections show the framework for evaluating the different 

trading agents. 

 

Figure 6.1: Schematic of agents’ market-entry assessment framework 
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6.3 Buyer Agent Evaluation Framework  

Having differentiated between the selling and purchasing agents as shown in the 

preceding section, this section presents the entry-assessment framework for consumers 

differentiated as Buyer agents. These agents seek to participate in the P2P electricity 

exchange to purchase electricity for self-consumption. As shown in Figure 6.1, these are 

agents identified as not having any renewable energy generator. This is to dissuade the 

use of fossil-fuel generators due to their harmful effect on the climate and high operating 

cost. Thus, only clean ‘green’ electricity from renewable energy generation can be traded. 

Furthermore, having classified and identified the agent’s demand into its corresponding 

tier of access as previously discussed, the daily demand is thus estimated using equation 

(6.4). Therefore, given the household appliances shown in Table 6.2, the estimated daily 

demand of the agent and the corresponding tier of access are shown in Table 6.3. 

Table 6.3: Daily consumption of consumer households 

 

6.3.1 Financial evaluation of household demand 

In this subsection, the average unit cost of electricity for each household hhi is 

determined, assuming the use of an appropriately sized gasoline generator. This is 

because gasoline generators are the prevalent alternative form of electricity generation in 

Nigeria and the Sub-Saharan African region in general, despite their observed 

inefficiencies [25]. Denoted as 𝐶𝐶ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛, this is calculated as the ratio of the lifetime cost of 

the gasoline generator to the total electricity generated by it in its lifetime [120]. This total 

lifetime cost includes the discounted initial capital cost of the generator 𝐺𝐺𝑝𝑝𝑛𝑛_𝐶𝐶𝑝𝑝𝑖𝑖𝑡𝑡, its 

annualised maintenance cost 𝑀𝑀ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛, and the variable cost of fuel 𝐹𝐹ℎℎ𝑖𝑖

𝐺𝐺𝑎𝑎𝑛𝑛. Thus, given the 

inflation rate INF and the lifecycle 𝑁𝑁𝐺𝐺𝑎𝑎𝑛𝑛 of the gasoline generator measured in hours, the 

average unit cost of electricity for household ℎℎ𝑖𝑖  using a gasoline generator can be 

determined as: 

hh1 hh2 hh3 hh4 hh5 hh6 hh7
Tier 2 Tier 3 Tier 3 Tier 4 Tier 4 Tier 5 Tier 5

Peak load (W) 250 590 770 980 1,600 2,150 2,480

Time of use (hrs) 2 3 3 4 4 4 4

Daily Energy 
(kWh)

0.5 1.77 2.31 3.92 6.40 8.60 9.92

Load/ Energy 
Audit

Description
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𝐶𝐶ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛 ($/kWh)  =   

∑
𝐺𝐺𝑝𝑝𝑛𝑛_𝐶𝐶𝑝𝑝𝑖𝑖𝑡𝑡 + 𝑀𝑀ℎℎ𝑖𝑖

𝐺𝐺𝑎𝑎𝑛𝑛 + 𝐹𝐹ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛

(1 + 𝐼𝐼𝑁𝑁𝐹𝐹)𝑛𝑛
𝑁𝑁𝐺𝐺𝑟𝑟𝑛𝑛
𝑛𝑛=0

∑
𝐸𝐸ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛

(1 + 𝜕𝜕𝐺𝐺𝑎𝑎𝑛𝑛)𝑛𝑛
𝑁𝑁𝐺𝐺𝑟𝑟𝑛𝑛
𝑛𝑛=0

                                 

(6.5) 

In a recent study, the authors in [241] showed that the residential equivalents of 

households hh2, hh4, and hh5 spend an average of 102, 200, and 320 USD respectively, 

on monthly electricity generation utilising gasoline generators. With the daily demand of 

these three households estimated as shown in Table 6.3 to be 1.77 kWh/day, 3.92 

kWh/day, and 6.4 kWh/day respectively, the average unit cost of gasoline-generated 

electricity 𝐶𝐶ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛 in the country is determined as $1.76/kWh. Figure 6.2 shows the average 

daily expenditure on electricity for households hh1 – hh5, if utilising gasoline generators. 

This average cost of electricity also gives an indication of the variable daily price cap of 

the buyer agent. This is the maximum price the buyer will be willing to pay for any 

electricity bought from the P2P market.  

 

Figure 6.2: Daily expenditure on household electricity utilising gasoline generator 

6.3.2 Environmental cost of electricity consumption/demand 

By fuel source, the two types of generators commonly used in Nigeria are diesel and 

gasoline generators with the combustion of either fuel causing the emissions of GHG 
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gases, particularly CO2 [242]. However, the bigger diesel generators are often used in the 

commercial and industrial sector, while the gasoline generators are used in the residential 

sector as well as by small and medium-scale businesses/enterprises [22]. With gasoline 

generators being the most frequently used generator in the region, this work will focus on 

the use of gasoline generators wherein the full combustion of one litre of gasoline with 

oxygen produces approximately 2.35 kg of CO2 emissions [243]. Equation (6.6) gives the 

approximate quantity of electricity generated by a litre of gasoline combusted where 𝑘𝑘 is 

the 𝑘𝑘𝑡𝑡ℎ number of generators being operated, 𝐸𝐸𝑔𝑔𝑎𝑎𝑛𝑛𝑖𝑖
𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑟𝑟  – the rated hourly electricity 

generated by generator 𝑝𝑝 at full load, and 𝐹𝐹𝐶𝐶𝑔𝑔𝑎𝑎𝑛𝑛𝑖𝑖 – the rated fuel consumption of generator 

𝑝𝑝 given in litres per hour. Thus, given the range of gasoline generators commonly used in 

the country and their respective fuel consumption rates [244], the approximate quantity 

of electricity generated by the combustion of 1 litre of gasoline is estimated as 1 kWh. 

𝐸𝐸𝑔𝑔𝑎𝑎𝑛𝑛𝑜𝑜(𝑘𝑘𝑘𝑘ℎ/𝑓𝑓) =
1
𝑘𝑘
�

𝐸𝐸𝑔𝑔𝑎𝑎𝑛𝑛𝑖𝑖
𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑟𝑟

𝐹𝐹𝐶𝐶𝑔𝑔𝑎𝑎𝑛𝑛𝑖𝑖
                          

𝑘𝑘

𝑖𝑖=1

 

(6.6) 

Therefore, given the daily demand of each set of household loads ℎℎ𝑖𝑖 shown in Table 6.3, 

the annual CO2 emissions released if utilising the gasoline generator are shown in Figure 

6.3 below. 

 

Figure 6.3: Annual CO2 emissions from electricity consumption 
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6.4 Prosumer Market-Entry Evaluation Framework  

This section presents the framework used in this study to evaluate the trading potential of 

off-grid solar PV prosumers in an electricity deficit region like SSA. Figure 6.4 outlines 

the proposed framework for assessing off-grid prosumers seeking participation in the 

novel local P2P electricity market proposed in this thesis. As illustrated in Figure 6.4, the 

off-grid prosumers, also prospective sellers of electricity in the local P2P market, provide 

details of their installed off-grid RE generator for evaluation. These include details such 

as the location of the installed off-grid system, date of installation, cost of the system, size 

of PV array (Wp), inverter rating in kW, battery bank capacity – this includes the number 

of installed batteries, capacity rating of the battery given in Ah and VDC, if known. They 

also provide their daily consumption profile, if known, otherwise the wattage of all 

appliances connected to the off-grid PV system. Subsequently, the minimum off-grid PV 

system capacity required to meet the given loads is determined and compared with the 

installed system to determine participation in the market. If prosumers are assessed as 

having surplus capacities to trade with other end-users in the network, such surplus 

capacities are further simulated and determined. The LCOE of the off-grid PV systems is 

also calculated in other to determine the minimum trading prices for the surplus 

electricity. Likewise, the potential CO2 emissions reductions that will be brought about 

by the alternate use of this surplus electricity are also analysed.  
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Figure 6.4: Evaluation flowchart of Prosumer trading potential 
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6.4.1 Off-grid PV system sizing 

This section presents an efficient hybrid method of designing off-grid PV systems for use 

in regions without electricity access and without accurate electricity consumption data. 

• Battery bank 

In off-grid PV systems, a battery bank is often required to store the PV electricity 

generated until when needed. Given that in this study, the electricity generated is 

(presumed) to be used in the evenings, the battery bank must be adequately sized to store 

and provide the required electricity on demand. This includes determining the days of 

battery-bank autonomy (DA)  when the batteries are required to supply the needed 

electricity without being recharged. This is planning for the adequate supply of electricity 

for loads deemed critical, especially on days of low resource availability due to poor 

weather conditions. However, transient dynamic parameters such as the battery round-

trip efficiency and battery discharge cap, were not considered in this study. Having 

determined the daily electricity required, let 𝐸𝐸𝐵𝐵𝐵𝐵𝑖𝑖 (measured in Wh) be the battery-bank 

capacity for the off-grid PV system. This battery-bank capacity is calculated as: 

𝐸𝐸𝐵𝐵𝐵𝐵𝑖𝑖  =  
𝐸𝐸ℎℎ𝑖𝑖  ×  𝐷𝐷𝐴𝐴𝑖𝑖
𝜂𝜂𝑖𝑖𝑛𝑛𝑒𝑒 ×  𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖

               (Wh) 

(6.7a) 

Where 𝐸𝐸ℎℎ𝑖𝑖 is the estimated daily electricity demand for the household, 𝐷𝐷𝐴𝐴𝑖𝑖 is the 

required battery days of autonomy of the household, 𝜂𝜂𝑖𝑖𝑛𝑛𝑒𝑒 is the battery-inverter efficiency 

often given as ninety percent (90%) for most inverters, and 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖  is the maximum battery 

depth of discharge expressed as a percentage (often 80%) of the rated battery capacity.  

This 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 indicates the recommended maximum amount of charge or amp-hours that 

can be discharged from the battery bank daily. Given the ampacity and voltage of the 

available battery to be installed where PBatt is the total energy stored in the battery, the 

total number of batteries BBi in the battery-bank (rounded up to the nearest whole 

number) is estimated as: 

𝐵𝐵𝐵𝐵𝑖𝑖  =  
𝐸𝐸𝐵𝐵𝐵𝐵𝑖𝑖  
𝑃𝑃𝐵𝐵𝑎𝑎𝑡𝑡𝑡𝑡  

          

(6.7b) 
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• The solar PV Array  

In off-grid solar PV systems, the PV array must be appropriately sized to supply the daily 

required electricity. This is because the PV array is often the only available source of 

electricity. This also means that the yield of the PV array must be sufficient to recharge 

the batteries to a full state of charge being that the generated electricity is usually stored 

in the battery bank. It is therefore very important to measure and determine the available 

solar energy resource in the location when determining the size and yield of a PV system. 

This is known as peak sun hours (PSH) of the installation site. the PSH is the measure of 

the available solar energy resource in any location. Measured in hours, it is the equivalent 

amount of time in a day where the solar irradiance in a location averages 1,000 W/m2 

(that is 1kW/m2). For example, a location with a PSH of 4 is said to have an average total 

of 4 kWh/m2 of solar energy for the day, even though the sun may have been shining at 

varying intensities during the day [130]. It also means that the same location has more 

insolation than a location with (for example) 3 PSH. The actual field temperature of the 

location also affects the PV yield where temperatures higher than 25°C as commonly 

found in Sub-Saharan Africa, often result in yields lower than the rated power outputs of 

the array. This and other factors such as conversion losses, wiring resistance, shading 

losses, all constitute the system losses. Thus, the system efficiency ηsys is often estimated 

as 63 – 65 percent for off-grid solar PV systems [130]. Therefore, given the daily 

electricity consumption of the consumer household 𝐸𝐸ℎℎ𝑖𝑖
𝐵𝐵 , the minimum off-grid PV array 

capacity PPVi required to supply the household’s daily consumption (and measured in 

Watt-peak) can be calculated as: 

PPVi   =   
Ehhi

ηsys ×  PSH
           (W𝑠𝑠)     

(6.8a) 

The minimum number of PV panels in the array is dependent on the available panel size 

to be installed and additional panels can be added to the array as the demand increases. 

Let PPV be the nameplate power rating of the available solar PV panel to be installed. For 

a household hhi, the minimum number of PV panels in an array (rounded to the nearest 

whole number) is given in equation (6.8b) as: 
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𝑁𝑁𝑃𝑃𝑃𝑃𝑖𝑖  =   
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖  
𝑃𝑃𝑃𝑃𝑃𝑃

                        

(6.8b) 

Having determined the minimum number of panels required to supply the household 

electricity demand, the expected daily yield of the PV array measured in kWh/day, can 

also be estimated using equation (6.9):  

Ehhi
array  =  

NPVi ×  PPV  ×  PSH  ×  ηsys 
1000

   (kWh/day) 

(6.9) 

• Inverter  

Off-grid PV inverters convert the direct current (dc) electricity generated and stored in 

the battery into the alternating current (ac) used by most household appliances. They are 

rated by a maximum output ac power Pac and a maximum input dc power Pdc. Thus, the 

Pac should be at least 120 percent more than the rated peak load Li to be powered because 

some appliances like the water pump and microwave draw large surge currents when 

starting. Similarly, the Pdc should be at least 110 percent more than the rated power PPVi 

of the PV array to be installed. This means an inverter cannot supply more than its rated 

output ac power Pdc and it must not be installed with a PV array that is larger than its rated 

Pdc. Hence, the power ratings (Pac, Pdc) of the inverter to be installed must be defined as: 

�(Pac, Pdc)�Pac ≥ (1.2 × Li) ∧ Pdc ≥ �PPVi × 1.1��                     

(6.10) 

In addition to the major balance of system (BOS) components sized, proper sizing of 

cables with regards to cable ampacity and the voltage drop is also very important. 

Undersized cables not only clip the electricity yield of the array but also pose a fire hazard 

from overheating and insulation breakdown. Thus, cables should always be sized such 

that the cable ampacity is sufficiently matched to the maximum output current of the PV 

array, batteries, and inverter, respectively. Equipment grounding must also be in place to 

protect from dangerous voltages either from faulty equipment or from lightning strikes.  
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6.4.2 Evaluation of surplus unutilised PV yield 

Due to the uncertainties in electricity consumption especially for households without 

prior electricity access, likewise, countries with very weak grids like Nigeria and other 

Sub-Saharan African countries, two battery-based scenarios are used to define the 

maximum consumption profile of a household installed with off-grid solar PV in this 

study. This is because in the off-grid PV system, the electricity consumed is stored in the 

battery bank given the intermittent characteristic of renewable energy sources. Hence, the 

proposed battery-based scenarios utilise the installed battery bank DOD to 

estimate/ascertain the maximum daily demand of the off-grid prosumer. Set at 50% 

battery DOD because of the most affordable and frequently used lead-acid battery-type, 

Scenario 1 references the daily maximum battery DOD used in the battery bank design. 

While Scenario 2 indicates the maximum permissible depth the batteries can be 

discharged without damage to the batteries and set as 80% DOD.  

Given the same set of households loads (ℎℎ1  − ℎℎ7) presented in Table 6.2 and utilising 

equation (6.4), the daily baseline demand for each set of loads is first determine. This 

baseline demand is henceforth referred to as Scenario 0. Then, based on the available and 

frequently installed 2.4 kWh (200Ah,12V) batteries in the country and utilising equation 

(6.7), the three battery-based demand scenarios for the different household loads are 

calculated – as shown in Table 6.4 and Figure 6.5. The scenarios provide the range of the 

maximum daily electricity demands for each prosumer household and are hereby denoted 

as 𝐸𝐸ℎℎ𝑖𝑖
𝑆𝑆𝑠𝑠𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑚𝑚𝑘𝑘 . They also allow for the future addition of loads to the estimated baseline 

demand that was used in designing the off-grid PV system. 

Table 6.4: Daily household electricity consumption based on Battery DoD 

 shs1 shs2 shs3 shs4 shs5 shs6 shs7 

Scenario 0 (kWh) 0.50 1.77 2.31 3.92 6.40 8.60 9.80 

Scenario 1 (kWh) 1.20 2.40 2.40 4.80 7.20 9.60 12.00 

Scenario 2 (kWh) 1.92 3.84 3.84 7.68 11.52 15.36 19.20 
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Figure 6.5: Maximum daily household consumption based on installed Battery-bank DoD 

Determining the daily demand of the prosumer is important as this helps to the determine 

the surplus yield of the off-grid solar PV system, if any. In evaluating the surplus yields 

of the off-grid PV systems, it is important to consider the system degradation due to usage 

starting from the initial date of installation as well as the hot humid climate of the country. 

This is necessary for proper evaluation given that all systems have a useful lifetime. Thus, 

a PV system that has been in use for 𝑛𝑛 number of years will not have the same output as 

a newly installed system, nor will it have the same output if installed in a different climate 

[245, 246] . Likewise, estimating the remaining useful life cycle of the battery-bank aids 

in evaluating the capacity of the prosumer to trade during periods of no solar resource. 

Hence, the surplus PV yield of an off-grid PV system installed for 𝑛𝑛 number of years with 

a linear degradation ∂ of approximately 1% per annum [247] is the excess, unutilised 

electricity generated by the PV system after meeting the demand scenarios of the 

household. This is defined in equation (6.11) as: 

𝐸𝐸ℎℎ𝑖𝑖
𝑆𝑆𝐵𝐵𝑎𝑎𝑠𝑠𝑜𝑜𝐵𝐵𝑟𝑟𝑘𝑘    =  

Ehhi
array  

(1 + 𝜕𝜕)𝑛𝑛  −   𝐸𝐸ℎℎ𝑖𝑖
𝑆𝑆𝑠𝑠𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑚𝑚𝑘𝑘 ;            𝑘𝑘 =  1, 2, 3   

(6.11)  
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6.5 Comparison with Actual Installations 

Given the set of typical households loads shown in Table 6.2, off-grid SHSs capable of 

supplying the daily electricity demand of these loads are designed and simulated for four 

major cities in Nigeria: Abuja, Kano, Lagos, and Port Harcourt. Firstly, utilising equation 

(6.4), the estimated daily baseline demand (Scenario 0) of the different loads is calculated 

and shown in Table 6.4. Then the required battery bank capacity is determined using 

equation (6.7), where the size of frequently installed battery in the country is 2.4 kWh 

(200Ah,12V). Comparing this simulated sizing with that designed and installed by the 

SHS providers in the country [40], Figure 6.6a shows an exact similarity in battery bank 

sizing except for prosumer-household hh7 that was resized with a battery less than the 

installed ones. 

Utilising equation (6.8) where 5.4 ± 0.3, 5.7 ± 0.2, 4.4 ± 0.4, and 3.9 ± 0.3 are the daily 

PSH values of Abuja, Kano, Lagos, and Port Harcourt cities, respectively [114], the total 

PV array capacity required to supply the daily baseline demand of Scenario 0 is also 

calculated. Based on the size of the frequently installed PV module in the country 

(250Wp) and comparing this with that designed and installed by the SHS providers in the 

country [40], Figure 6.6b shows the variation in PV array sizing for both systems using 

the same 250Wp polycrystalline panels. As expected, the redesigned SHSs in cities 

having less PSH require more PV panels than those in solar-rich cities, while the installed 

SHSs have the same number of PV panels per tier of consumption, irrespective of 

location. Thus, the redesigned SHSs range from one to sixteen PV panels, while the 

installed ones are fitted with two to twenty PV panels.  Given the disparity between the 

resized SHSs and that installed in the country, the yields of both sets of SHSs will be 

evaluated next for any surplus, unutilised electricity. 
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Applying equation (6.11), Figure 6.7 shows the estimated surplus and deficit electricity 

generation of the redesigned SHSs for the three demand scenarios. Similarly, Figure 6.8 

shows the simulated surplus and deficit generation for the installed SHSs based on the 

three demand scenarios. Comparing the yields of both sets of off-grid PV systems, Figure 

6.7a shows the estimated surplus electricity generated by the designed systems when 

considering the estimated daily demands of scenario 0. and Figure 6.8.a show the 

estimated surplus generated by the redesigned and installed SHSs respectively when 

considering the estimated daily demands of scenario 0. These show an estimated surplus 

PV generation of 0.21 – 7.4 kWh/day for the installed systems, while the redesigned SHSs 

give a maximum surplus of 0.6875 kWh/day with an estimated deficit of 0.03 kWh/day 

for hh3 in Kano. These large surpluses from the installed SHSs indicate oversized 

systems, typical of off-grid PV systems that are designed to provide full supply reliability. 

This off-grid PV system reliability can also define as the system’s ability to meet demand 

at all times. 

This is further illustrated in Figure 6.8b where despite the increased household electricity 

consumption of Scenario 1, the simulated installed SHSs still generate an estimated 0.12 

– 5.33 kWh/day of surplus electricity. On the other hand, Figure 6.7b shows a daily deficit 

of 0.03 – 1 kWh/day for the redesigned SHSs, if consuming at demand scenario 1. This 

shows that that the PV generators of the redesigned systems are not adequately sized to 

accommodate the increased demands of scenario 1. However, Figure 6.7c and Figure 6.8c 

show that both sets of SHSs are not sufficiently sized to meet the much larger demands 

of scenario 2. The larger designs of the installed SHSs also indicate a higher financial 

cost to the prosumers as off-grid PV systems are often priced in accordance with their 

sizes. This means the system owners will inadvertently be paying for a generation that is 

not being utilised. Before determining the cost of the surplus and deficit PV yields, we 

further analyse and evaluate both sets of redesigned and installed SHSs using specialised 

software. 
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6.5.1 Modelling and simulation of systems 

PV systems can also be modelled and simulated using specialised software suited for such 

purposes. One such software is the PVSyst1 software: a full package software that is 

commercially available for the study and simulation of PV systems which range from 

standalone systems to large utility-scale solar PV plants. It is also a very useful educative 

tool for the study and simulation of solar PV systems. Mostly used by architects, 

engineers, and researchers, PVSyst comprises a project design tool that enables detailed 

study, sizing, and hourly simulation of PV systems. It allows for the visualization of the 

PV system being sized and further enables 3D detailed simulation of shading effects using 

user-friendly object manipulation and creation tools. Its preliminary design tool enables 

the quick estimation of system production for an early study of installation or designs. It 

also allows for the import of real-life meteorological data, as well as user data (such as 

electricity consumption) from various sources.  Results are presented in the form of a full 

report comprising of specific graphs and tables, and data from results can be exported for 

use in other software. 

In this research study, the two sets of SHSs were modelled for the four Nigerian cities, 

and the three demand scenarios were also simulated for each prosumer household: hh1 – 

hh7. Thus, a total of 168 simulations (7 tiers of households x 3 demand scenarios x 2 sets 

of designs x 4 Nigerian cities) were carried out using PVSyst 7.2 software. Nigeria also 

has two seasons: the wet rainy season with reduced solar irradiation and the dry sunny 

season often accompanied with increased demands for space cooling. The simulated 

systems were optimized for the rainy months of April to September as the PV systems 

are required to supply the required electricity irrespective of the available insolation. 

Figures 6.9 – 6.11 show the different annual surpluses and deficits generated by the 

simulated redesigned and installed SHSs for the three demand scenarios assuming newly 

installed systems, with the lowest yields generated during the rainy season and the 

maximum yields generated during the dry sunny season. 

For the daily base demand of Scenario 0, the simulated results show that the redesigned 

systems generate surplus yields of 0.1 – 5.2 kWh/day in the southern coastal cities of 

Lagos and Port Harcourt, and 0.4 – 6.8 kWh/day in the northern sunny cities of Abuja 

and Kano (Figure 6.9a); with the larger SHSs generating more surplus. Comparing this 

with the simulated surplus yields of Figure 6.9b shows that for the same base demand 

 
1 https://www.pvsyst.com/ 
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(Scenario 0), the installed systems simulated generate much larger electricity surpluses 

ranging from 0.8 – 10.5 kWh/day in the southern cities to 1.5 – 16.6 kWh/day in the 

northern cities. With an average daily deficit of – 0.5kWh, – 0.4kWh, – 0.17kWh, and – 

0.13kWh for Port Harcourt, Lagos, Abuja, and Kano cities respectively, the redesigned 

SHSs of households hh1 are unable to supply the increased demand of Scenario 1, as seen 

in Figure 6.10a. While the other redesigned solar home systems are unable to meet the 

increased demand of Scenario 1 during the rainy season due to reduced irradiation, they 

are nonetheless capable of supplying it during the dry sunny season with surpluses 

observed. Thus, a maximum deficit of – 1.8 kWh/day was observed in the coastal southern 

cities with – 0.5 kWh/day observed in the northern cities; while daily surpluses up to 4.36 

kWh, 3.18 kWh, 3.35 kWh, and 2.3 kWh were observed for Abuja, Kano, Lagos and Port 

Harcourt, respectively. For the same demand scenario 1 (Figure 6.10b), the simulated 

models of the installed SHSs showed surplus daily yields ranging from a minimum 0.11 

kWh during the rainy season to a maximum 8.38 kWh during the dry season, for the 

southern cities, and a daily surplus of 0.66 – 15.66 kWh in the northern cities for both 

seasons respectively. 
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The simulated results of Figure 6.11a show that none of the redesigned SHSs in any of 

the towns can generate sufficient electricity to meet the extreme household demands of 

Scenario 2. With average daily deficits of – 5.4 kWh, – 5.9 kWh, – 6.3kWh, and – 7.0 

kWh in Abuja, Kano, Lagos, and Port Harcourt, respectively, the larger households of 

hh7 are most affected by this shortfall in PV generation. For the installed systems 

simulations shown in Figure 6.11b, the southern cities of Port Harcourt and Lagos with 

less solar irradiation are most affected as the installed SHSs are unable to supply this high 

demand; except for prosumer households hh3 with a surplus yield of 0.5 – 2.14 kWh/day. 

This is because the off-grid SHS is fitted with the same storage capacity as the SHS of 

household hh2 but installed with more panels to cater for daytime loads like the water 

pumping system and washing machine, which are not available in prosumer household 

hh2. For the SHSs installed in the northern cities of Abuja and Kano, an average surplus 

yield of 0.21 – 3.39 kWh/day is generated, with a maximum surplus of 6.0 kWh/day 

generated during the dry season in Kano and the lowest deficit of – 1.8 kWh/day observed 

in Abuja during the rainy months.  

Given the over 9,580 kW of SHSs installed in the country [87], this is an estimated daily 

minimum surplus of 2 MWh for all four cities, to an estimated maximum surplus of 31 

MWh/day for Abuja and Kano cities, 20 MWh/day for Lagos city, and 15 MWh/day for 

Port Harcourt city. Given the specified minimum daily electricity consumption for the 

different tiers of households in the MTF (see Table 3.1 of Chapter 3), the minimum 

surplus PV generation can potentially power an estimated 10,000 Tier-2 households or 

2,000 Tier-3 households daily. While the maximum surplus PV generation has the 

potentially to power an estimated 75,000 – 155,000 Tier-2 households and an estimated 

15,000 – 31,000 Tier-3 households in the southern and northern cities, respectively. 

Furthermore, as these surplus generations can be traded to other consumer households in 

a smart local electricity market, it shows that the installed off-grid SHSs have the trading 

potential to participate in a local P2P electricity market. In the next section, the cost of 

the unutilised surplus yields is further evaluated.  
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6.5.2 Financial evaluation of the surplus and deficit yields 

The average cost of electricity (COE) for household hhi using off-grid SHS can be 

determined as the ratio of the lifetime cost of the system to the total electricity generated 

by the system over its lifetime [120]. This total lifetime cost includes the discounted 

capital cost of the PV system 𝐶𝐶ℎℎ𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆, the annualised maintenance cost 𝑀𝑀ℎℎ𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆, and the cost 

of the battery/BOS replacements over the system lifecycle 𝐶𝐶ℎℎ𝑖𝑖
𝐵𝐵𝑚𝑚𝑆𝑆, while the lifetime yield 

is the total electricity generated by the SHS over its lifetime  𝐸𝐸ℎℎ𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆 and linearly degraded 

at 1% annually. That is: 

𝑆𝑆𝐻𝐻𝑆𝑆_𝐶𝐶𝐷𝐷𝐸𝐸ℎℎ𝑖𝑖 =
𝐶𝐶ℎℎ𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆 + ∑ Mhh𝑖𝑖

SHS(1 + INF)nNSHS
n=0 + ∑ Chh𝑖𝑖

BoS(1 + INF)𝑛𝑛𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆
n=(𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆+1) 𝑎𝑎⁄

∑
 Ehh𝑖𝑖
SHS

(1 + ∂)n
NSHS
n=0

     

(6.12a) 

Where 

𝐶𝐶ℎℎ𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆  =  �

𝑁𝑁𝑃𝑃𝑃𝑃𝑖𝑖 × 𝐶𝐶ℎℎ𝑖𝑖
𝑃𝑃𝑃𝑃

(1 + 𝐼𝐼𝑁𝑁𝐹𝐹)𝑛𝑛

𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆

𝑛𝑛=0

 

(6.12b) 

Where 𝑁𝑁𝑃𝑃𝑃𝑃𝑝𝑝  is the total number of panels in the solar-home system of household ℎℎ𝑖𝑖, 𝐶𝐶ℎℎ𝑖𝑖
𝑃𝑃𝑃𝑃  

is the capital cost of a solar PV panel, 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆 is the lifecycle of the SHS determined as 20 

years in this study, 𝐼𝐼𝑁𝑁𝐹𝐹 is the 10-year inflation rate given as 11.99% for Nigeria, 𝑑𝑑 is 

frequency of  batteries and BOS replacement during the system lifecycle, and ∂ is the rate 

of the system degradation.  Considering the alternative form of electricity generation 

using gasoline generators where the average unit cost of the gasoline-generated electricity 

𝐶𝐶ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛 was determined as $1.76/kWh (subsection 6.3.1), the averaged cost of gasoline-

electricity 𝐶𝐶𝐷𝐷𝐸𝐸ℎℎ𝑖𝑖  over the lifecycle period of the solar-home system  is estimated as 

$6.33/kWh. This is also the additional cost of supplying any deficit PV generation 

frequently observed with Scenario 2 consumption by the prosumer household ℎℎ𝑖𝑖. 

𝐺𝐺_𝐶𝐶𝐷𝐷𝐸𝐸ℎℎ𝑖𝑖  ($/kWh)  =  
1

NSHS
  �

𝐶𝐶ℎℎ𝑖𝑖
𝐺𝐺𝑎𝑎𝑛𝑛

(1 + INF)n     
NSHS

𝑛𝑛=0

 

(6.13) 
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Figure 6.12 compares the different unit costs of electricity (COE) for the different 

households based on the three proposed levels of daily consumption: Scenario 0, Scenario 

1, and Scenario 2. The figure shows that the generator COE is the most expensive at 

$6.24/kWh, while the SHS_COE for Scenario 2 is the highest amongst the SHSs with 

values ranging from 0.85 – 2.84 $/kWh. This is because of the increased frequency of 

BOS replacements given the inverse correlation between battery lifecycle and DoD which 

further increases the lifetime cost of the SHS. It also shows that Scenario 0 consumption 

profile gives the lowest SHS_COE with values ranging from $0.4/kWh in regions with 

more solar resources, to $1/kWh in coastal areas like Port Harcourt city with less solar 

irradiation. The figure also shows that the smaller off-grid PV systems have a higher COE 

than the bigger systems. This is because as the size of the installed SHS increases, the 

price discount offered by the system provider also increases. This is considered to be in 

response to the larger demand for smaller SHS and a marketing strategy/financial 

incentive to stimulate uptake of the larger SHSs.  

 

Figure 6.12: Unit Cost of Electricity Generation in Nigeria 

Given the different COE, Figure 6.13 shows the annual cost of the excess unutilised 

generation for each of the consumption scenarios with costs ranging from approximately 

$215 – $2,550 per annum. It also shows the cost of the deficit generation, if consuming 

at Scenario 2 demand profile. The bigger systems are observed to be more expensive as 

they generate more surpluses. However, at Scenario 2 demand profile, SHSs in low solar 

resource regions will generate more losses with amounts as high as – $10,540 to – $680 

deficit per annum. This is due to the combined total cost of the respective Scenario 2 

SHS_COE and the G_COE required to supply the deficit generation of the SHS. This 
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goes to show that the cost of electricity increases when off-grid PV systems are not 

appropriately sized to deliver the required electricity. This is because more cost is 

incurred from the additional cost of augmenting the deficit yield with expensive gasoline-

powered generators, as well as the need to frequently replace batteries and other BOS 

components. Thus, the size of the PV array should be increased to cater to the increase in 

consumption as observed with hh3 solar-home systems. Although the daily consumption 

of prosumer household hh3 is akin to that of hh2, the SHS of hh3 generates more surplus 

yields even when consuming at Scenario 2 demand profile, because of being fitted with 

more panels than the SHS of hh2. However, Scenario 2 type of consumption should be 

avoided especially when the cost is heavily constrained. This also means that if these 

surpluses are traded on a local electricity market, it would be best to trade them during 

the day when the solar resource is readily available and the surpluses are generated. 

 

Figure 6.13: Annual cost of the surplus and deficit yields per installed SHS 

6.5.3 Potential environmental benefits of the unutilised surplus yields  

Given the over 9,580 kWp of off-grid PV systems installed in the country [87] and the 

simulated surplus electricity generation currently unutilized from these systems, this is a 

potential annual savings of 3,495 – 30,256 Mt of CO2 emissions (Figure 6.14) if this 

surplus generation is made accessible to other end-users in need of electricity. This is 

based on gasoline generators being the commonly used source of electricity supply in the 
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country and region, whereby one litre of gasoline was determined in equation (6.6) to 

generate approximately 1 kWh of electricity and a fully combusted litre of gasoline 

produces about 2.35 kg of CO2 emissions [243]. The negative CO2 emissions observed 

with scenario 2 consumption profile indicate the CO2 emissions that would be emitted by 

operating a gasoline generator to meet the deficit in the PV generation due to the high 

consumption of scenario 2. This consumption does not only incur additional costs to the 

prosumer household but it also pollutes the environment with CO2 gas emissions.  

 

Figure 6.14: Potential CO2 emissions savings from the surplus yields of the installed SHSs 

6.6 Concluding Remarks 

Our research has defined key challenges and current methodologies in estimating the 

electricity consumption of off-grid households and the design of accurate, cost-effective 

off-grid PV systems, especially when seeking to engage in a local P2P electricity market. 

The main limitations identified with this work included the lack of high data visibility 

and temporal granularity required for precise system forecasting; the lack of regional-

specific optimisations to estimate the yield and performance of these off-grid PV systems 

to ensure that any new techno-economic trading strategy is economically viable for local 

prosumers, as well as the need for a market-entry evaluation framework to evaluate the 
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market needs of end-users looking to participate in a local P2P electricity exchange. Our 

work thus serves as a technical assessment of the potential of such a P2P market 

incorporating off-grid prosumers and consumers. However, for more accurate analysis 

and forecasting to be carried out, more dynamic transient analysis needs to be done. Our 

methodology thus presents a framework that identifies and analyses four key market-

entry criteria for off-grid solar PV prosumers seeking entry into a local P2P electricity 

market. These are the daily self-consumption based on installed battery depth-of-

discharge, the trading potential determined by simulating the surplus PV generation, the 

minimum offer price of the surplus electricity, and the potential CO2 savings 

contributions of the off-grid PV system. Using this framework, we evaluated the trading 

capability of seven different off-grid PV systems participating in a P2P electricity market. 

Results simulated for four major cities in Nigeria show a surplus unutilised PV generation 

of 0.8 – 16.6 kWh/day that can be traded daily on a local P2P electricity market. Given 

the over 9,580 kW of SHSs installed in the country and assuming that all systems were 

installed in each of the four cities, this is an estimated daily minimum surplus of 2.1 MWh 

to a maximum surplus of 31.0, 31.7, 20.2, 14.6 MWh/day for Abuja, Kano, Lagos, and 

Port Harcourt cities, respectively. This surplus PV generation can potentially power a 

minimum of 10,000 Tier-2 households or 2,000 Tier-3 households daily, as well as a 

maximum of 75,000 – 155,000 Tier-2 households and 15,000 – 31,000 Tier-3 households 

in the southern and northern cities, respectively. Based on the different unit cost of 

electricity (COE) calculated for each size of SHS and the gasoline generator, this is an 

estimated income loss of $250 – $2,550 per annum, as well as an estimated annual 3,495 

– 30,256 Mt of CO2 emission savings, if traded on a local P2P electricity market. Subject 

to more detailed dynamic transient-state analysis being done, our methodology can be 

used to improve the design of P2P electricity markets wherein off-grid prosumers can be 

incentivised to participate in the market. It also shows that P2P electricity trading has the 

potential to improve and increase access to affordable and sustainable electricity in 

regions in need, given the high uptake of renewable energy generation in these regions.  
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Chapter 7. Conclusion 
The need to utilise available renewable energy sources (RES) and innovative market 

structures to improve electricity access in developing regions like Sub-Sahara Africa 

(SSA), where approximately 592 million people live without access to electricity – more 

than half of the region’s total population – is the main underpinning of the research work 

presented in this thesis. This is because access to electricity is still a (major) cause for 

concern with the United Nations setting “access to affordable, reliable, sustainable, and 

modern energy for all people by the year 2030” [4] as its 7th sustainable development goal 

(SDG). This is more concerning when considering the role of electricity in enabling good 

quality of life and standard of living and especially when contemplating the 

(electrification) setbacks brought about as a result of the Covid-19 pandemic as/because 

the situation may likely exacerbate [10]. 

Access to electricity has been described as a household having either: a functional electric 

bulb installed in the house, an electrical connection to the grid, or the mere existence of 

an electric pole in a village or community. However, the International Energy Agency 

(IEA) recently described it more precisely as a household or premises having access to 

just enough electricity to power a basic bundle of energy services like phone charging 

and multi-point lighting or having adequate electricity supply to power low to medium 

power appliances like a small refrigerator, a television, fan, mobile phone charger, and 

light bulbs. Put more succinctly by the IEA, it is akin to having access to approximately 

1,250 kWh/annum of electricity if using standard appliances, or 420 kWh/annum if using 

energy-efficient appliances [16, 17]. And in terms of affordability, it has also been 

described as a household’s ability to expend less than 5% of its income on an annual basic 

electricity consumption of 365 kWh; equivalent to 1kWh daily [14]. 

As part of efforts geared toward solving the (electricity access) challenge, electricity 

generation utilising renewable energy sources has been viewed as the enabling 

technology that will expedite or accelerate the electrification process in the electricity 

deficit region of Sub-Saharan Africa [17, 62, 63]. With a total installed capacity of 10.6 

GW of which 90% (9.55 GW) are solar PV systems and the remaining 10% (1.05 GW) 

solar CSP systems [58], solar energy systems were identified as being at the heart of the 

electrification process in the region. Solar PV technology in particular, easily aligns itself 

with the electrification efforts in the region, thanks to its declining costs and its unique 

modular characteristics which enables its application even in very small quantities at a 
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time and for a variety of applications. Furthermore, its inherent flexibility whether 

connected to the main grid or paired with a battery energy storage system (BESS), makes 

it most suited to drive the electrification process in the region. These small-scale solar PV 

installations comprising mainly off-grid solar home systems (SHS) and off-grid mini-

grids have been identified as having a huge potential of reaching the population living 

without access to the power grid.  

Despite its versatility, many end-users in the region cannot afford the initial high capital 

investment often required to procure these off-grid PV systems, while those with installed 

systems generate unutilised surplus electricity as the stand-alone PV systems are often 

oversized to ensure system reliability [66]. It was, therefore, envisaged that if the 

flexibility from these surplus unutilised PV-generated electricity was made available to 

other peers in the community who lacked access to electricity, it would not only alleviate 

the problem of electricity access in the community but would further increase the utility 

of the installed off-grid PV systems. However, to achieve this, an innovative market 

structure and trading mechanism where the flexibility from the unutilised surplus PV 

electricity can be traded will be required to facilitate its use by others. Thus, the following 

section presents a summary of the research work done in this thesis. 

7.1 Synopsis of Research Work 

This research explored the use of state-of-the-art techniques in automated 

negotiation/multi-agent systems and distributed AI to improve the gains of electricity 

prosumers with surplus unutilised VRE generation and electricity consumers in weak and 

off-grid settings characterised by poor or non-existent grid supply. To achieve this, an in-

depth review of relevant and pertinent literature was undertaken/carried out starting with 

an overview of the Nigerian electricity supply industry (NESI) – being the world’s most 

populous electricity-deficit country [17]. This included the review of the challenges 

mitigating against access to adequate electricity in the country, the pivotal role of off-grid 

solar PV systems in driving the electrification process in electricity-deficit regions like 

sub-Saharan Africa (SSA), and the different sizing methodologies used both in practice 

and in the literature for the design of off-grid PV systems. The research also reviewed the 

concept of P2P electricity trading and local electricity markets, different trading 

mechanisms utilized for this novel type of electricity trading, and its application in off-

grid settings. The concepts of automated agent negotiations – methodology, principles, 

trading mechanism, and applications – were also reviewed. 
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With solar PV systems identified as the pivotal technology/system driving the 

electrification process in electricity-deficit regions like sub-Saharan Africa (SSA) and 

given the surplus unutilised PV generation inherent within these systems, there is need 

for an innovative trading mechanism that will enable the utilisation and accessibility of 

the surplus PV generation by other peers in the locality. The research work carried out in 

this thesis developed a pre-negotiation framework requisite for the accurate elicitation of 

preference(s) from the individual peers being represented. It studied the trading objectives 

of the negotiation agents representing the different peers and modeled utility functions 

representative of each negotiating agent, respectively. It also developed heuristic 

negotiation strategies adaptable for use in such local P2P settings. Thus, this research 

developed a detailed framework for the automated negotiations of the surplus PV 

electricity and price among peers in a local electricity market. This framework is 

important as the literature review of P2P electricity trading showed that peer’s 

participation and engagement in this form of trading may pose a challenge due to its 

novelty and the lack of a trusted third-party supervision or middleman to coordinate these 

trades. 

This research further demonstrated the prospects and benefits of a fully decentralised P2P 

automated negotiation of electricity quantities and price for energy communities 

especially in developing regions of the world where access to adequate electricity is still 

a major concern. Having defined the profiles of the different negotiating agents, the 

research simulated and studied the bilateral P2P electricity negotiations between the 

different trading agents. The research developed a fully decentralised bilateral negotiation 

framework based on the Rubinstein alternating offers protocol, in which the quantity and 

price of electricity for the different periods are aggregated into daily packages and 

negotiated between the buyer and seller agent. The framework was then simulated with 

the respective agents adopting the different negotiation strategies proposed in the 

research. The research analysed the automated negotiations between a Seller negotiation 

agent typifying an off-grid prosumer household with a renewable energy (RE) generation 

like solar PV and the Buyer negotiation agents representing the different classes and types 

of consumer households according to the world bank multi-tier framework (MTF) 

classification [14]. Simulation results carried out showed that this medium of electricity 

trading can help RE prosumers unbundle their unutilised surplus generation while helping 

local consumers access green, clean, modern, and affordable electricity.  
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The research also studied the community-based, centralised P2P automated negotiation 

framework as an alternative to the fully decentralised P2P electricity negotiation 

framework for off and weak grid electricity prosumers and consumers. This was first 

modelled as a cooperative game utilising the axiomatic Nash bargaining solution (NBS) 

and as a social welfare problem requiring a fair outcome for all agents involved. To solve 

the social welfare problem, the Egalitarian social welfare (ESW) function was utilised to 

find a socially fair outcome to the community-based P2P electricity trades. While the 

NBS sought to maximise the product of the agents’ utilities, the ESW sought to maximise 

the utility of the worse-off agent in the bilateral P2P negotiations. Akin to the 

decentralised framework, three Buyer agent profiles representing the different electricity 

consumption behaviours were studied. Also studied were the two surplus PV generation 

scenarios – the cloudy and sunny day cases – typifying the Seller agent’s worse and best 

day scenarios, respectively. The research further compared the results of each agent’s best 

negotiation strategy utilised in the decentralised negotiation framework, with that 

obtained in the centralised framework. The aim of this was to investigate which type of 

P2P electricity trading framework would be the best fit for use in weak and off-grid 

settings. 

Lastly, a framework for assessing the trading potential of peers in an off-grid setting 

seeking participation and entry into a local P2P electricity market was also studied and 

evaluated in this research. This is as a result of the key challenges found in the current 

methodologies used in estimating the electricity consumption of off-grid households as 

well as in the design of accurate, cost-effective off-grid PV systems, especially when 

seeking to engage in a local P2P electricity market. The main limitations identified in the 

research included the lack of high data visibility and granularity required for accurate 

precision modelling, the lack of regional-specific optimisations to estimate the yield and 

performance of these off-grid PV systems to ensure that any new techno-economic 

trading strategy is economically viable for local prosumers, as well as the need for a 

market-entry evaluation framework to evaluate the market needs of end-users looking to 

participate in a local P2P electricity exchange. Thus, the research developed a framework 

for identifying and analysing off-grid solar PV prosumers seeking entry into a local P2P 

electricity market. The framework was based on four key market-entry criteria namely: 

the daily self-consumption based on daily demand (for consumer) and installed battery 

depth-of-discharge (for prosumer), the agent’s trading potential determined by simulating 

the surplus PV generation, the minimum offer price of the surplus electricity, and the 
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potential CO2 savings contributions of the off-grid PV system. Utilising this framework, 

the trading capability of seven different off-grid PV systems seeking participation in a 

local P2P electricity market were simulated and evaluated.  

7.2 Research Contributions Revisited 

As stated in Section 1.2 of the Introduction of this thesis, the main objective of this thesis 

was to explore the use of automated negotiations to improve the gains of electricity 

consumers in weak and off-grid settings characterised by poor or non-existent grid 

supply, and that of prosumers having surplus unutilised VRE generation. Methodologies 

and model formulations produced in this work are relevant to the fields of smart energy 

systems, multi-agent systems, artificial intelligence, energy economics, and game theory. 

The main research contributions of this research work are summarised as follows: 

• Comprehensible review of the pertinent topics related to the research area 

First of all, this thesis presented a comprehensive review of the various topics having a 

direct bearing on the research topic/area. This included a review of the Nigerian electricity 

supply industry (NESI) carried out to investigate and identify the challenges mitigating 

against electricity access in the country, thereby making her the world’s most populous 

electricity-deficit country. Results showed a myriad of issues which range from an 

inadequate generation capacity of approximately 7,653 MW [110], an aging grid 

infrastructure of 8.1 GW wheeling capacity with limited network coverage requiring 

extensive investment and reinforcement [44], inefficient metering, billing, and theft of 

electricity, as well as the lack of adequate private sector investment, as a whole [18, 91, 

131, 132]. Subsequently, many end-users resort to self-generation using small to medium-

sized petrol or diesel generators [23, 24], and more recently, solar PV technology 

(especially off-grid solar PV).  These off-grid solar PV systems have also been deployed 

in the country to intensify the electrification process. This research further showed that 

the major challenges militating against the widespread adoption of solar PV technology 

included the initial high cost of procuring the PV systems and the lack of standard design 

optimisation tools to aid the optimum sizing of these systems.  

A further review of the different solar PV systems sizing methodologies revealed the local 

developers’ tendency to oversize the installed solar PV systems, especially when 

uncertain about the daily demand to be met. Investigating this further, the research 
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showed that not only do these oversized PV systems present a (price) barrier to its mass 

deployment but the procured and installed systems generated surplus PV electricity that 

was not being utilised [91]. This unutilised surplus PV electricity generated from the 

oversized PV systems could be traded to consumer-peers using P2P electricity trading. A 

literature survey of local electricity markets and P2P electricity trading carried out 

showed a gap in the application of P2P electricity trading in off-grid energy communities. 

The gap showed that P2P electricity trading has been focused mainly on the interactions 

of on-grid prosumers with little or no attention paid to off-grid prosumers. Thus, the need 

for research studies that investigate the use of P2P electricity trading as a means of 

alleviating and improving access to local electricity. Also required are studies that 

investigate the most appropriate P2P trading mechanism suited for off-grid energy 

communities, especially considering some of the limitations of the existing P2P trading 

mechanisms.  

• Modeling of novel P2P electricity trading framework for off-grid energy 

participants 

With the literature review carried out showing that local P2P electricity markets have 

emerged as a new paradigm to complement the conventional electricity markets, this 

provides an opportunity for consumers to source their needed electricity locally and 

directly without the need for a supplier middleman. This would also reduce the cost of 

the end-users electricity consumption and also provide the generating peers the 

opportunity to recover some of their investment costs while reducing the payback period 

of their generating assets. However, to properly harness the inherent benefits of the local 

P2P electricity market, trading mechanisms that enable fairness and the equitable 

allocation of benefits amongst agents must be implemented. In light of these, the research 

work presented in this thesis developed a novel framework for the local P2P trading of 

electricity for peers within an energy community. This included the modelling and 

classification of the P2P negotiating/trading agents with the consuming peers modeled as 

Buyer agents in need of electricity and the Seller agent modelled as a prosumer-peer keen 

to make profits from its surplus unutilised renewable generation in a bid to recoup some 

of its investment cost and reduce the payback period of its renewable generating asset. 

The research also showed that it is individually rational for peers to participate in an 

energy trading solution that meets their individual trading objectives and distinctively 

models the different (energy) behaviours observed among peers in any community. The 

research accurately modelled the different behaviours of peers: peers who are more 
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concerned with the financial cost of procuring their needed electricity, peers who are more 

concerned with meeting their demand irrespective of cost, and peers who are equally 

concerned about both issues.  

• A Proof-of-Concept design for decentralised P2P electricity negotiation framework 

This research built on the existing state of the art by presenting a novel P2P electricity 

market model and testbed with a trading mechanism akin to physical markets in rural off-

grid (sub-Saharan African and Indian) communities, where the electricity quantities, 

prices, and consumption period can be automatically ‘haggled’ by negotiating agents 

utilising the “alternating offers” negotiations protocol. Providing a proof-of-concept 

design, this in itself is in contrast to the conventional method of fixed tariff pricing used 

by utilities or energy providers as it gives the end-users a more active role in the market.  

Utilising the proposed modelling of the P2P automated negotiations of electricity 

developed, including the agent negotiating models and the different heuristic strategies 

presented, the bilateral P2P automated negotiations of electricity were simulated. 

Simulation results presented demonstrated the efficacy of the proposed P2P electricity 

trading framework where the agents were observed to have satisfactorily negotiated their 

required outcomes of electricity quantities and price. The research also demonstrated the 

importance of (agent) flexibility – especially in procuring more satisfactory outcomes – 

and provided agents the opportunity to be flexible with their requirements. 

• A Proof-of-Concept design for a community-based P2P electricity negotiations  

In addition to the lack of a suitable P2P electricity trading mechanism designed for use in 

off-grid regions with little or no access to electricity, the literature review on P2P 

electricity trading also identified two distinct types of P2P electricity trading: 

decentralised and community-based P2P electricity trading – with a third type being a 

hybrid of the two forms. Having developed a proof-of-concept design for the automated 

negotiations of electricity in the decentralised P2P trading structure, this research further 

contributed to knowledge by developing a proof-of-concept design for agent automated 

negotiations of electricity in a centralised community-based P2P trading structure – for 

use in weak and off-grid settings. Utilising the axiomatic game-theoretical method 

described in the Nash bargaining solution and also utilising the Egalitarian welfare 

function, respectively, this model negotiated outcomes that were mutually acceptable and 

fair to all agents concerned. It further eliminates the need for agents to utilise different 

individual negotiation strategies to secure a rationally favourable outcome for themselves. 
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• P2P Market-Entry Evaluation Framework (MEEF) for Off-Grid Agents 

A review of installed off-grid solar home systems (in the SSA region) revealed key 

challenges in the methodologies used in/for the design of these systems, especially when 

estimating the electricity consumption of off-grid households. The main limitations 

identified included the lack of high data visibility and granularity required for accurate 

forecasting as well as the lack of regional-specific optimisation tools to estimate the yield 

and performance of these off-grid PV systems, with the resultant effects being the 

installation of expensive and oversized systems.  Simulated results of the installed off-

grid solar PV systems also showed the surplus PV-generated electricity that is often 

unutilised and wasted. With the provision of a local P2P electricity market utilising 

automated negotiations, these unutilised surplus PV generation can be traded to peers in 

the community. However, to ensure that any new techno-economic trading solution is 

economically viable for the local participants (especially the prosumers), a framework for 

assessing the overall yield and performance of these off-grid PV systems is required. Also 

required is a set of criteria for assessing the consumption requirements of prospective 

buyer agents.  

Thus, this research presented a novel framework for evaluating off-grid solar PV 

prosumers and consumers seeking to participate in a local P2P electricity market. It 

identified and analysed four key market-entry criteria for off-grid solar PV prosumers 

seeking entry into a local P2P electricity market namely: the prosumers’ daily self-

consumption based on installed battery depth-of-discharge, the trading potential 

determined by the surplus PV generation, the minimum offer price of the surplus 

electricity, and the potential CO2 savings contributions of the off-grid PV system. The 

framework was validated by simulating seven different sizes (0.5 – 5.0 kWp) of off-grid 

PV systems frequently installed in Nigeria. Simulating these systems for four major cities 

in Nigeria, results showed a daily surplus unutilised PV generation of approximately 0.8 

– 16.6kWh for the respective PV systems that can be traded daily on a local P2P electricity 

market. 

Given the over 9,580 kWp of SHSs installed in the country, this is an estimated daily 

surplus of approximately 14 – 31 MWh/day with the potential capacity to daily power an 

estimated minimum of 10,000 Tier-2 or 2,000 Tier-3 households, to a maximum 

estimated 75,000 – 155,000 Tier-2 households or 15,000 – 31,000 Tier-3 households in 

the southern and northern cities, respectively. This is also an estimated 3,495 – 30,255 
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Mt of CO2 emission savings per annum if these surplus PV generations were traded to 

consumer peers on local P2P electricity markets. The research also demonstrated that this 

would result in a revenue loss of $250 – $2,550 per annum being averted.  

7.3 Recommended Future Work 

With regards to the research work presented in this thesis (and the limitations 

encountered), the following areas are recommended for future research considerations: 

• Consideration of transmission losses, real-time constraints, and power flows 

The scope of the research work presented in this thesis was limited to electricity-deficit 

regions with weak grid or off-grid settings, with the weak grid regions often characterised 

by unstable voltages and frequency related to high system impedance. While off-grid 

settings here refer to regions with no mains utility supply, however, there may be islanded 

microgrids. Considering these grid settings and given the fact that the negotiated 

electricity quantities must be delivered to the Buyer-agent household at the agreed period, 

it is important to ensure that the negotiated P2P outcome does not violate the physical 

constraints of the available grid network at real-time. The current work did not evaluate 

the effects of the physical grid constraints on the outcome of the P2P negotiations, such 

as the thermal limits of cables as well as voltage limits. Therefore, it is recommended that 

future research work include the effect of such grid settings on the outcome of the P2P 

electricity negotiations. 

• Need for dynamic analysis, temporal precision, and accurate forecast data 

This thesis presented a first-stage technical-potential evaluation of automated 

negotiations of P2P electricity and explored its financial viability in weak and off-grid 

regions like Sub-Saharan Africa. It utilised steady-state analysis of the off-grid solar 

home systems evaluated and did not consider temporal precision nor some of the transient 

constraints that required for operational technical analysis. For more accurate modeling 

of systems and trade volumes, temporal precision and dynamic analysis of technical 

conditions are required. These include granularity of forecasted data to minimise risks as 

well as forecast errors. It also includes the need for more dynamic system modeling like 

the round-trip battery efficiency, method of accurately forecasting battery system 

performance, as well as effects of instantenous loads in the negotiation’s modelling. 
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• Novel centralised trading solutions  

This thesis investigated and presented a framework for centralised bilateral agent 

negotiations of electricity utilising the Nash bargaining solutions and Egalitarian Social 

welfare.  However, given the varied agent objectives that constitute the trading utility of 

the negotiating peers, a novel community-based function that will combine the varied 

objectives of the different agents into a community-based utility function that meets the 

needs of all participating peers, will make an interesting future extension of this thesis. 

This also includes future work on alternative ways of modelling the utility of negotiating 

peers. 

• P2P automated negotiation framework for multiple agents 

The research work presented in this thesis detailed the bilateral automated negotiation 

frameworks for P2P electricity trading within a network or energy community; that is 

decentralised and centralised P2P trading. While these bilateral models demonstrate the 

validity of the trading mechanisms for P2P electricity trading, thus serving as proof of 

concept for our research, they do not correspond to an efficient marketplace for electricity 

trading. This is because real electricity trading applications often imply several buyers 

and several sellers in other to better optimise the choice of peers who trade together and 

the computation of the issues negotiated such as electricity quantities, unit price of 

electricity per period and per day, and agent flexibility. More precisely, this could either 

be modeled as a one-many P2P automated negotiation framework where a Seller agent is 

automatically negotiating with more than one Buyer at the same time, or modelled as a 

many-many P2P automated negotiation framework where multiple Seller agents bargain 

with multiple Buyer agents. With regards to the current work done in this thesis, this 

might aid to improve the overall utility of the Seller agent especially on a sunny-day case 

where the Seller agent was noted to have thrice the electricity quantities required by each 

Buyer agent. Therefore, each bilateral negotiation left the Seller agent with surplus 

unutilised electricity that could easily be dispensed with in a one-many P2P framework. 

• Extension of negotiation framework to include more issues such as climate 

change, individual social responsibility  

In the current P2P automated negotiation frameworks/models presented in this thesis, the 

issues considered for negotiation by the negotiating agents were limited to mainly the 

electricity quantities per period and the unit price of the electricity being negotiated where 
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the Buyer agent is concerned about saving its electricity costs and the Seller agent 

concerned about making profits on its surplus PV generation. Other issues for negotiation 

included the preferred periods of electricity consumption and availability for the Buyer 

and Seller agents, respectively. However, this model can be extended to include other 

issues of concern. Recommended issues for future research work include “CO2 savings 

per negotiation outcome”, “Energy efficiency”, and “Electricity access” which indicates 

a Seller agent’s preference for selling little quantities of electricity to many households 

(like the energy-poor households) than to a single large Buyer.  It might also include the 

choice of P2P negotiation mechanism – decentralised or community-based – with all 

negotiating agents required to input their weighted valuation for each issue. This will also 

lead to a larger negotiation domain profile requiring more sophisticated negotiation 

heuristics or centralised clearing model to negotiate the domain. 

• Design and testing with other heuristic negotiation strategies and cooperative 

game models 

In the automated negotiation model presented in this current research work, the 

negotiation heuristics presented for the decentralised P2P negotiation framework were 

simplified and adapted for use especially in electricity-deficit regions to avoid some of 

the computational and infrastructural complexities often involved in decentralised P2P 

trading. This was also suitable given the size of the negotiation outcome space. Similarly, 

the Nash bargaining solution and the Egalitarian social welfare were utilised in the 

centralised community-based P2P negotiation model. However, it is recommended that 

other negotiation heuristics (like artificial intelligence heuristics such as deep or 

reinforced learning) be developed and applied to the use-case, especially if extending the 

negotiation issues to be agreed on. Likewise, other cooperative game models like the 

leader-follower Stackelberg game could be modeled to determine a community-based 

outcome. Also, other bargaining solutions like the Kalai-Smorodinsky bargaining 

solution could be implemented instead of the Nash bargaining solution (or along with it) 

to compare and determine the optimal community-based outcome for the agents. 

• Study of different renewable and storage technology types and asset-

ownership configurations 

In the current work presented in this thesis, the electricity type eligible for trading was 

strictly limited to renewable energy generation, precisely off-grid solar PV systems being 

the most commonly used renewable energy technology in electricity-deficit regions like 
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Sub-Saharan Africa. A valuable future extension of this research work would be the study 

of the inclusion of varied types of RES technologies such as small hydro and wind power 

generation. This would be necessary to study the efficacy of the proposed negotiation 

frameworks when used with other RET as well as the obtained outcomes. Likewise, the 

effect of different storage technologies as well as the different cost implications are key 

factors that need to be further studied when considering the use of P2P electricity 

negotiations.  

Also recommended for future research work is the study of the different types of 

configuration for the ownership of the RET assets. In the current research work presented, 

the RET assets were privately owned with the assets distributed and decentralised within 

the community. Thus, it would be interesting to study the effects of different types of 

asset ownership structures (like shared ownership or even community ownership) on the 

proposed frameworks and agreed outcomes. 

• Refinement of financial assumptions 

The research work presented in this thesis could be improved by further refinement of the 

financial and cost assumptions, thereby integrating a realistic model that estimates the 

life-cycle cost of the off-grid RET assets. Also, the negotiated electricity trading prices 

were assumed constant for the day in a bid to simplify the interpretation of results. 

However, a future objective for future work could be the utilisation of real price data from 

the existing microgrids as well as the wholesale electricity markets, which would result 

in varying prices that change with the shape of the demand as well as demand period. 

Figure 7.1 shows an overview of some the interesting future works that can be spunned 

out of this thesis. 

7.4 Concluding remarks 

This thesis investigated the use of automated negotiations as a local peer-to-peer (P2P) 

electricity trading mechanism to improve electricity accessibility and affordability in 

weak and off-grid settings. It explored the use of this trading mechanism in improving 

the gains of electricity prosumers with surplus unutilised VRE generation and electricity 

consumers in weak and off-grid settings characterised by poor or non-existent grid 

supply. Utilising the ‘alternating offers’ negotiating protocol, the work proposed a P2P 

trading framework akin to physical markets in rural off-grid (sub-Saharan African and 
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Indian) communities, where the electricity quantities, prices, and consumption period can 

be automatically ‘haggled’ by negotiating agents. Thus, providing a proof-of-concept 

design that gives the end-users a more active role in the control and trading of their 

electricity. It also investigated the use of a centralised community-based P2P negotiation 

framework for the electricity trade. Finally, a market-entry assessment framework was 

designed and developed to evaluate interested peers in such regions/settings keen on 

participating in these novel P2P electricity markets. The results of this research work 

show that P2P electricity trading has the immense potential to improve and increase 

access to electricity in deficit regions, and further improve the gains of a RET asset for 

both the prosumer and the community as a whole.  
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Appendix A 

The Appendix provides additional information and sample codes for the simulation 

analysis of the research work presented in this thesis. 
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%%  ## This code show the simulation of the agent modelling as shown in Chapter 3 ##
%% ######### Buyer Agents Default Settings %##############
%% Number of Issues for Negotiation
Nissues = 5;
%% ##### Buyer1 Profile ##########
% Buyer quantities required
Qreq = [0.25 0.25 0.0 1];
 
QI = [0 0.25 0.5 1 1.5] ;
QIn = [0 0.25 0.5 1 1.5] ;
QIm = [0 0.25 0.5 1 1.5] ;
QIa = [0 0.25 0.5 1 1.5] ;
QIe = [0 0.25 0.5 1 1.5] ;
 
Qprice = [0.3 0.4 0.5 0.6 0.7 0.8 0.9]; 
G_lcoe = 0.9; %For simulation purposes
 
Qweights=[1.00 1.00 0.00 2.00]; % Preference for periods
flexB=[1 1 2 1]; %Demand Flexibility
FlxB = logical(mod(flexB,2));
elasB=[1 1 2 1]; %Demand Elasticity
ElxB = logical(mod(elasB,2));
Wn = zeros(size(Qreq,1),size(Qreq,2));
WQ = 0.5; %Preference for electricity quantities
Wpr = 1 - WQ; %Preference for price issue
 
for i = 1:size(Qreq,2)
        Wn(i)= (Qweights(i)/sum(Qweights))*WQ;
end
 
Wb1 = [Wn,Wpr];
 
IC=combvec(QI,QI,QI,QI,Qprice); %Just for graphing purposes actually
ICC=IC';
Qtotal=zeros(size(ICC,1),1);
Tcost=zeros(size(ICC,1),1);
OutcomeB = zeros(size(ICC,1),3*Nissues-2);
 
%the outcome corresponding to the required quantities of electricity
 
%% Buyer 1 Agent profile modelling %%
index = 1;
Fb = zeros(1,Nissues); 
 
for i = 1:size(QI,2)
   if (QIn(i) == Qreq(1))||(QIn(i) > Qreq(1) && ElxB(1)==1)
       Fb(1) = 1;
   elseif (QIn(i) < Qreq(1) && FlxB(1)==1)
       Fb(1)=(QIn(i)+.0001)/(Qreq(1)+.0001);
   else
       Fb(1)=0;
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   end
       
    for j = 1:size(QI,2)
        if (QIm(j) == Qreq(2))|| (QIm(j)> Qreq(2) && ElxB(2) ==1)
            Fb(2) = 1;
        elseif (QIm(j)< Qreq(2) && FlxB(2) == 1)
            Fb(2) = (QIm(j)+.0001)/(Qreq(2)+0.0001);
        else
            Fb(2) = 0;
        end
            
        for k = 1:size(QI,2)
            if (QIa(k) == Qreq(3))||(QIa(k) > Qreq(3) && ElxB(3) == 1)
                Fb(3) = 1;
            elseif (QIa(k) < Qreq(3) && FlxB(3) == 1)
                Fb(3) = (QIa(k)+.0001)/(Qreq(3)+0.0001);
            else
                Fb(3) = 0;
            end
 
            for l =1:size(QIe,2)
                if (QIe(l) == Qreq(4))||(QIe(l) > Qreq(4) && ElxB(4) == 1)
                    Fb(4)=1;
                elseif (QIe(l) < Qreq(4) && FlxB(4) == 1)
                    Fb(4) = (QIe(l)+.0001)/(Qreq(4)+0.0001);
                else
                    Fb(4) = 0;
                end
                      for m =1:size(Qprice,2)
                         OutcomeB(index,1) = QIn(i);
                         OutcomeB(index,2) = QIm(j);
                         OutcomeB(index,3) = QIa(k);
                         OutcomeB(index,4) = QIe(l);
                         OutcomeB(index,5) = Qprice(m);
                         Qtotal(index)=sum(OutcomeB(index,[1 2 3 4]),2);
                         OutcomeB(index,6) = Fb(1);
                         OutcomeB(index,7) = Fb(2);
                         OutcomeB(index,8) = Fb(3);
                         OutcomeB(index,9) = Fb(4);
                         
                         F2 = zeros(1,Nissues-1);
                         S = 0;
                         T=0;
                         for indice2 = 1:Nissues-1
                             S = S+ICC(index,indice2); %Energy quantity for the day
                         end
                         
                         if (Qtotal(index)*OutcomeB(index,5) > (G_lcoe*sum(Qreq)))
                             Fb(5) = 0;
                         else
                             Fb(5)=((sum(Qreq)*G_lcoe) - (Qtotal(index)*OutcomeB(index,
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5)))/(sum(Qreq)*(G_lcoe - min(Qprice)));
                         end
                         
                         if Fb(5)>1
                             Fb(5)=1;
                         end
                         
                         Tcost(index)=Qtotal(index)*OutcomeB(index,5);
                         OutcomeB(index,10) = Fb(5);
                         OutcomeB(index,11) = Qtotal(index);
                          if (ElxB(1)==0 && QIn(i) > Qreq(1))||(FlxB(1)==0 && QIn(i) < 
Qreq(1))||Fb(1)==0||(ElxB(2)==0 &&  QIm(j) > Qreq(2))||(FlxB(2)==0 && QIm(j) < Qreq(2))
||Fb(2)==0||(ElxB(3)==0 && QIa(k) > Qreq(3))|| (FlxB(3)==0&&QIa(k) < Qreq(3))||Fb(3)==0||
(ElxB(4)==0 && QIe(l) > Qreq(4))||(FlxB(4)==0&&QIe(l) < Qreq(4))||Fb(4)==0||(Tcost(index) 
> (G_lcoe*sum(Qreq)))|| Qtotal(index)==0||Qtotal(index)>sum(Qreq)
                             OutcomeB(index,13) = 0;
                          else
                            OutcomeB(index,13) =  sum(Wb1.*Fb); 
                          end
                                                    
                         index = index+1;
                      end
            end
        end
    end
end
 
BU=sortrows(OutcomeB,[13 11],'descend'); %sort the seller's feasible outcomes in a 
descending order
 
BU1=BU(:,13); %Buyer utility only
BU2=BU1(BU1>0);%Utility of Feasible set
BU2_Array=BU(BU1>0,:); % Feasible bids
B_RV_Idx=length(BU2);
B_RV=min(BU1(BU1>0)); %Buyer Threshold
B_RV_Bid=BU(B_RV_Idx,:); %The resevation offer
B_max=BU1(1,1); %Buyer Ideal utility
B_max_Offer=BU(1,1:5);
 
%% ##### Seller Profile Setting ##########
 
Period=[1 1 1 1];
 
N = size(QI,2);
S_lcoe = 0.45; %Off-grid PV LCOE excluding battery cost
 
Pweights=[1 2 2 1]; %preference for periods
 
%Ex = 4.5;%Sunny day generation
Ex=2.25; %Cloudy day generation
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%% The section below on flexibility and elasticity as described & defined
 
W = zeros(size(Pweights,1),size(Pweights,2));
WT = zeros(size(Period,1),size(Period,2));
 
Wt = 0.5; % seller weight for period 
WSpr = 1 - Wt;% weight for price whereby its weight for price is higher
 
for i = 1:size(Period,2)
        WT(i)= (Pweights(i)/sum(Pweights))*Wt;
end
 
WS1 = [WT,WSpr]; %Seller's weights for the 4 periods and price)
 
OutcomeS = zeros(size(ICC,1),3*Nissues-2);
SQtotal= zeros(size(ICC,1),1);
 
index = 1;
Fs = zeros(1,Nissues);
 
for i = 1:size(QI,2)
    Fs(1)= QIn(i)/Ex;
   if QIn(i) > Ex 
       Fs(1) = 0;
   end
   
    for j = 1:size(QI,2)
        Fs(2)=QIm(j)/Ex;
        if (QIm(j)> Ex) 
            Fs(2) = 0;
        end
    
        for k = 1:size(QI,2)
            Fs(3)=QIa(k)/Ex;
            if (QIa(k) > Ex)
                Fs(3) = 0;
            end
 
            for l =1:size(QIe,2)
                Fs(4)=QIe(l)/Ex;
                if (QIe(l) > Ex)
                    Fs(4)=0;
                end                     
                      for m =1:size(Qprice,2)
                         OutcomeS(index,1) = QIn(i);
                         OutcomeS(index,2) = QIm(j);
                         OutcomeS(index,3) = QIa(k);
                         OutcomeS(index,4) = QIe(l);
                         OutcomeS(index,5) = Qprice(m);
                         SQtotal(index)=sum(OutcomeS(index,[1 2 3 4]),2);
                         OutcomeS(index,6) = Fs(1);
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                         OutcomeS(index,7) = Fs(2);
                         OutcomeS(index,8) = Fs(3);
                         OutcomeS(index,9) = Fs(4);
                                                  
                         F2 = zeros(1,Nissues-1);
                         S = 0;
                         T=0;
                         if Qprice(m) < S_lcoe
                             Fs(5) = 0;
                         else                           
                             Fs(5)=(SQtotal(index)*(Qprice(m)-S_lcoe))/(Ex*(max(Qprice)-
S_lcoe));
                         end
                         if Fs(5)>1
                             Fs(5)=1;
                         end
                         Tcost(index)=SQtotal(index)*Qprice(m);
                         OutcomeS(index,10) = Fs(5);
                         OutcomeS(index,11) = SQtotal(index);                         
                         OutcomeS(index,12) = Tcost(index);
                         if SQtotal(index)>Ex || Fs(5)==0 
                             OutcomeS(index,13) = 0;
                         else
                              OutcomeS(index,13) =  sum(WS1.*Fs); 
                         end
                    
                         index = index+1;
                      end
            end
        end
 
    end
 
    
end
 
SU=sortrows(OutcomeS,[13 12],'descend'); %sort the seller's feasible outcomes in a 
descending order
SU1=SU(:,13);
SU2=SU1(SU1>0);%Feasible set
SU2_Array=SU(SU1>0,:);
S_RV_Idx=length(SU2);
S_RV=min(SU1(SU1>0));
S_RV_Offer=SU(S_RV_Idx,:);
S_max=SU1(1,1);
S_max_Offer=SU(1,1:5);
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%% This section shows part of the codes as shown in Chapter 4 of the thesis
 
%% ### Bilateral Negotiations Simulations  #####%%%%%
 
tof=0;
tobf=0;
tosf=0;
total_bargain=0;
bid_max = 50; 
sN_soffer=0;
bN_bid=0;
 
BR_ary=zeros(50,1);
SR_ary=zeros(50,1);
s_offer_ary=zeros(51,6); %All offers made to buyer
b_bid_ary= zeros(50,6);
 
b_bid_0 = zeros(50,13);
s_offer_0 = zeros(50,13);
%S_Offer_Util = zeros(51,1);
 
B_Bid=zeros(50,5);
B_Bid_counter=zeros(50,6);
B_Bid_Util = zeros(50,1);
BU_4_S_Offer=zeros(51,1); %Buyer's utility for Seller's offer
BU_4_S_Offer_ary=zeros(51,6); %Buyer's record of rejected seller's offers
%BU_4_S_offer_sorted_ary=zeros(51,6);
 
SU_4_B_Bid=zeros(50,1);
SU_4_B_Bid_ary=zeros(50,6);
S_accepts_B_Bid=zeros(1,5);
 
Fb_s = zeros(1,size(Nissues,2)); % buyer evaluation of seller's offer
Fs_b = zeros(1,size(Nissues,2)); % seller evaluation of buyer's offer
 
B_Bid_Cost = zeros(50,1);
S_Offer=zeros(51,5);
S_Offer_Util=zeros(51,1);
S_Offer(1,:) = SU(1,1:5);
S_Offer_Util(1,1) = SU1(1,1);
s_offer_ary(1,:)=[S_Offer(1,:),S_Offer_Util(1,1)];
S_Offer_Cost=zeros(51,1);
%S_Offer_Cost(1,1)=S_Offer(1,6);
S_Offer_Total=zeros(51,1);
 
SBeta=1; %Seller concession rate herein 1 because of linear Heuristics
BBeta=1.5; %Buyer concession rate herein 1 because of linear Heuristics
 
for bid = 1:bid_max
    bU_min = B_max -((bid/bid_max)^(1/BBeta))*(B_max-B_RV);  % This is only for LH 
strategy



28/05/22 14:47 C:\Users\cetuk\O...\Bilateral_Negotiation.m 2 of 5

    bU_min_Set=BU2(BU2>=bU_min,:);
    if bid ==1
        b_bid=1;
    else
    b_bid=length(bU_min_Set);
    end
    BR_ary(bid)=b_bid;
    b_bid_0(bid,:) = BU(b_bid,:); %buyer's randomly selected bid
    B_Bid(bid,1:5) = b_bid_0(bid,1:5);
    B_Bid_Util(bid,1) = b_bid_0(bid,13);
    b_bid_ary(bid,:) = [B_Bid(bid,:),B_Bid_Util(bid,1)]; %storage array to store all 
buyer's bids 
    
    %% ### Buyer evaluation of seller's offer ###%%
    
    for i = 1:Nissues-1
        if (S_Offer(bid,i) == Qreq(i))||(S_Offer(bid,i) > Qreq(i) && ElxB(i)==1)
            Fb_s(i) = 1;
        elseif (S_Offer(bid,i) < Qreq(i) && FlxB(i)==1)
            Fb_s(i)=(S_Offer(bid,i)+0.0001)/(Qreq(i)+.0001);
        else
            Fb_s(i)=0;
        end  
    end   
 
    %% ### This section for price evaluation by buyer ###%%%
    
        S_Offer_Cost(bid,1)=sum(S_Offer(bid,1:4))*S_Offer(bid,5);
 
        if S_Offer_Cost(bid,1) > (G_lcoe*sum(Qreq))         
             Fb_s(5) = 0;
        else
            Fb_s(5)=(sum(Qreq)*G_lcoe - (sum(S_Offer(bid,1:4))*S_Offer(bid,5)))/(sum
(Qreq)*(G_lcoe - min(Qprice)));
        end
 
        if Fb_s(5)>1
            Fb_s(5)=1;
        end
        
        S_Offer_Total(bid,1)=sum(S_Offer(bid,1:4));
        
        if (ElxB(1)==0 && S_Offer(bid,1) > Qreq(1))||(FlxB(1)==0 && S_Offer(bid,1) < Qreq
(1))||Fb_s(1)==0||(ElxB(2)==0 && S_Offer(bid,2) > Qreq(2))||(FlxB(2)==0 && S_Offer(bid,2) 
< Qreq(2))||Fb_s(2)==0||(ElxB(3)==0 && S_Offer(bid,3) > Qreq(3))|| (FlxB(3)==0&&S_Offer
(bid,3) < Qreq(3))||Fb_s(3)==0||(ElxB(4)==0 && S_Offer(bid,4) > Qreq(4))||(FlxB(4)
==0&&S_Offer(bid,4) < Qreq(4))||Fb_s(4)==0||(S_Offer_Cost(bid,1) > (G_lcoe*sum(Qreq)))|| 
S_Offer_Total(bid,1)==0||S_Offer_Total(bid,1)>sum(Qreq)
            BU_4_S_Offer(bid,1) = 0; %Buyer utility for seller's offer
        else
            BU_4_S_Offer(bid,1) =  sum(Wb1.*Fb_s); 
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        end
               
        BU_4_S_Offer_ary(bid,:)=[S_Offer(bid,:),BU_4_S_Offer(bid,1)];% array of rejected 
offers and B1's utility for them
        BU_4_S_offer_sorted_ary=sortrows(BU_4_S_Offer_ary,6,'descend'); %sort the 
seller's feasible outcomes in a descending order
 
%%    
         %Check previously rejected offers
         for chk = 1:bid-1
             if (BU_4_S_offer_sorted_ary(chk,6) > BU_4_S_Offer(bid,1)) && 
(BU_4_S_offer_sorted_ary(chk,6)>B_Bid_Util(bid,1))
                B_accepts_S_Offer=BU_4_S_offer_sorted_ary(chk,1:5);
                tosf = 1; %buyer concedes and accepts seller's offer
                
            %% technically, this small section below isn't seen by trading agents
                Outcome_BU = BU_4_S_offer_sorted_ary(chk,6); %buyer util for agreed 
outcome
                [Lia,Locb]=ismember(B_accepts_S_Offer,S_Offer,'rows');
                Outcome_SU = s_offer_ary(Locb,6); %S_Offer_Util; the seller's utility for 
that
            %equivalent offer
                break
             end
           
          end
 
        if tosf==1
           tof=1;
           break
        elseif BU_4_S_Offer(bid,1) >= B_Bid_Util(bid,1) 
             B_accepts_S_Offer = S_Offer(bid,:);
             tosf = 1; %buyer concedes and accepts seller's offer 
             
             %% technically, this small section below isn't seen by trading agents          
             
             tof=1;
             Outcome_BU = BU_4_S_Offer(bid,1); %buyer util for agreed outcome
             Outcome_SU = S_Offer_Util(bid,1);
             break
        else
             B_Bid(bid,:) = b_bid_0(bid,1:5);
             bN_bid=bN_bid+1;
             total_bargain=total_bargain+1;
        end
        
        %% ### Seller's evaluation of buyer's bid ###%%
 
       for j = 1:Nissues-1
            Fs_b(j)= B_Bid(bid,j)/Ex;
            if B_Bid(bid,j) > Ex 
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                Fs_b(j) = 0;
            end
        end
        
        %% ### This section for price evaluation by Seller ###%%%
 
        B_Bid_Cost(bid,1) = sum(B_Bid(bid,1:4))*B_Bid(bid,5);
 
        if B_Bid(bid,5) < S_lcoe
            Fs_b(5) = 0;
        else
            Fs_b(5)=(sum(B_Bid(bid,1:4))*(B_Bid(bid,5)-S_lcoe))/(Ex*(max(Qprice)-
S_lcoe));
        end
 
        if Fs_b(5)>1
            Fs_b(5)=1;
        end
 
        if sum(B_Bid(bid,1:4))>Ex || Fs_b(5)==0 
            SU_4_B_Bid(bid,1) = 0;
        else
             SU_4_B_Bid(bid,1) =  sum(WS1.*Fs_b); 
        end
        
        % array of rejected offers and B1's utility for them
        SU_4_B_Bid_ary(bid,:)=[B_Bid(bid,:), SU_4_B_Bid(bid,1)];
        SU_4_B_Bid_sorted_ary=sortrows(SU_4_B_Bid_ary,6,'descend');
        
       %% Check previously rejected offers
         for chk = 1:bid-1
             if (SU_4_B_Bid_sorted_ary(chk,6)>SU_4_B_Bid(bid,1)) && 
(SU_4_B_Bid_sorted_ary(chk,6)>S_Offer_Util(bid,1))
                  S_accepts_B_Bid=SU_4_B_Bid_sorted_ary(chk,1:5);
                  tobf = 1; %buyer concedes and accepts seller's previous offer
                  Outcome_SU = SU_4_B_Bid_sorted_ary(chk,6);
            %% technically, this small section below isn't seen by trading agents
                  [Lia2,Locb2]=ismember(S_accepts_B_Bid,B_Bid,'rows');
                  Outcome_BU = b_bid_ary(Locb2,6); %buyer util for agreed outcome    
                 break
             end
        end
         
       if tobf==1
           tof=1;
           break
        elseif SU_4_B_Bid(bid,1) >= S_Offer_Util(bid,1)
               S_accepts_B_Bid = B_Bid(bid,:);
               tobf = 1; %seller concedes and accepts buyer's offer
               tof=1;
%% technically, this small section below isn't seen by trading agents
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               Outcome_BU = B_Bid_Util(bid,1); 
               Outcome_SU = SU_4_B_Bid(bid,1); 
               break
       else 
            bbid_total=sum(B_Bid(1,1:4));
            sub1=SU(:,11);
            
            %quantities that are less than the buyer's total quantities
            sub1_ary=SU(sub1<=bbid_total,:);
            sub1_util=sub1_ary(:,13);
            sub1_max=sub1_ary(1,13);
            sUb_min = sub1_max - ((bid/bid_max)^(1/SBeta)*(sub1_max-S_RV));  
            sUb1_min_Set=sub1_util(sub1_util>=sUb_min,:);
            s_offer=length(sUb1_min_Set);
            SR_ary(bid,1)= s_offer;
            s_offer_0(bid,:) = sub1_ary(s_offer,:);
            
            %%Utility of offer seller is making to buyer           
            S_Offer_Util(bid+1,1) = s_offer_0(bid,13); 
            S_Offer(bid+1,1:5) = s_offer_0(bid,1:5);
            s_offer_ary(bid+1,:) = [S_Offer(bid+1,:),S_Offer_Util(bid+1,1)];
            sN_soffer=sN_soffer+1;
            total_bargain=total_bargain+1;
        end
end
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%% This section of this section shows the simulation of the P2P community-based 
negotiations as given in Chapter 5
 
%% #### Determing Nash & KS Solutions #####
 
bppB=OutcomeB(:,13); %BU
bppS=OutcomeS(:,13); %SU
 
%Determing Nash & KS Solutions
bppB=OutcomeB(:,13); %BU
bppS=OutcomeS(:,13); %SU
 
Nash_pre = times(bppB, bppS);
Nash=max(Nash_pre);
Nash_idx= find(Nash_pre==max(Nash_pre));
if numel(Nash_idx)>1
    Nash_idx=Nash_idx(1,1);
end
NashValue=OutcomeB(Nash_idx,1:5);
NashUtil=Outcome(Nash_idx,:);
 
KS_pre = min(Outcome,[],2);
KS = max(KS_pre);
KS_idx = find(KS_pre==max(KS_pre));
 
if numel(KS_idx)>1
    n1=numel(KS_idx);
    ks_ary=Outcome(KS_idx,:);
ks1=max(ks_ary);
 
[Lia3,Loc3]=ismember(ks1,ks_ary,'rows');
ks_idx = KS_idx(Loc3)
ks_ary_values=OutcomeS(ks_idx,1:5);
KS_Util=Outcome(ks_idx,:);
else
ks_idx=KS_idx;    
end
 
%% ### Graph Part  ###
 
if tof==1
    disp('Congratulations! Bargain reached')
    figure(1);
    
hold on;
SC=scatter(OutcomeB(:,13),OutcomeS(:,13),'xb');
scatter(pF(:,1),pF(:,2),'g');
p= plot(upF(:,1),upF(:,2),'-r');
plot(Outcome_BU,Outcome_SU,'rs','MarkerSize',10);
plot(Outcome(ks_idx,1),Outcome(ks_idx,2),'ro','MarkerSize',10);
plot(Outcome(Nash_idx,1),Outcome(Nash_idx,2),'kp','MarkerSize',14);
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dt=datatip(SC,Outcome(ks_idx,1),Outcome(ks_idx,2),'FontSize',8);
dt1=datatip(SC,Outcome(Nash_idx,1),Outcome(Nash_idx,2),'FontSize',8);
dt3=datatip(SC,Outcome_BU,Outcome_SU,'FontSize',8,'Location','northwest');
hold off
 
title('P2P Automated Negotiations: Sunny-day Case');
axis([0 1 0 1])
ax = gca;
ax.TitleFontSizeMultiplier = 1;
xlabel('Buyer 2 Agent Utility'); % x-axis label
ylabel('Seller Agent Utility'); % y-axis label
legend('All Outcomes','Pareto-efficient Outcomes','Pareto-Frontier','Agreed Outcome','ESW 
Outcome','Nash Outcome','FontSize',8)
 
else
    disp('Sorry! No Bargain reached')
figure(1);
 
hold on;
scatter(OutcomeB(:,13),OutcomeS(:,13),'xb')
scatter(pF(:,1),pF(:,2),'g');
p= plot(upF(:,1),upF(:,2),'-r');
hold off
 
title('Decentralised P2P Automated Negotiations');
axis([0 1 0 1])
ax = gca;
ax.TitleFontSizeMultiplier = 1;
xlabel('Buyer 1 Agent Utility'); % x-axis label
ylabel('Seller Utility'); % y-axis label
legend('All Outcomes','Pareto-efficient Outcomes','Pareto-Frontier');
end
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% ### This section shows the simunlation of the Zero Intelligence strategy
% by agents, as used in Chapters 3 and 4
 
%% ###### Zero Intelligence Negotiation ######
 
for bid = 1:bid_max
    b_bid = randperm(length(BU2),1);  % This is only for ZI strategy
    BR_ary(bid)=b_bid;
    b_bid_0(bid,:) = BU(b_bid,:); %buyer's randomly selected bid
    
    B_Bid(bid,1:5) = b_bid_0(bid,1:5);
    B_Bid_Util(bid,1) = b_bid_0(bid,13);
    b_bid_ary(bid,:) = [B_Bid(bid,:),B_Bid_Util(bid,1)]; %storage array to store all 
buyer's bids 
    
    %% ### Buyer evaluation of seller's offer ###%%
    
    for i = 1:Nissues-1
        if (S_Offer(bid,i) == Qreq(i))||(S_Offer(bid,i) > Qreq(i) && ElxB(i)==1)
            Fb_s(i) = 1;
        elseif (S_Offer(bid,i) < Qreq(i) && FlxB(i)==1)
            Fb_s(i)=(S_Offer(bid,i)+0.0001)/(Qreq(i)+.0001);
        else
            Fb_s(i)=0;
        end  
    end   
 
    %% ### This section for price evaluation by buyer ###%%%
    
    S_Offer_Cost(bid,1)=sum(S_Offer(bid,1:4))*S_Offer(bid,5);
 
        if S_Offer(bid,5) >= G_lcoe || S_Offer_Cost(bid,1) > (G_lcoe*sum(Qreq))
             Fb_s(5) = 0;
        else
            Fb_s(5)=(sum(S_Offer(bid,1:4))*(G_lcoe-S_Offer(bid,5)))/(sum(Qreq)*(G_lcoe - 
min(Qprice)));            
        end
 
        if Fb_s(5)>1
            Fb_s(5)=1;
        end
        
        S_Offer_Total(bid,1)=sum(S_Offer(bid,1:4));
        
        if (ElxB(1)==0 && S_Offer(bid,1) > Qreq(1))||(FlxB(1)==0 && S_Offer(bid,1) < Qreq
(1))||Fb_s(1)==0||(ElxB(2)==0 && S_Offer(bid,2) > Qreq(2))||(FlxB(2)==0 && S_Offer(bid,2) 
< Qreq(2))||Fb_s(2)==0||(ElxB(3)==0 && S_Offer(bid,3) > Qreq(3))|| (FlxB(3)==0&&S_Offer
(bid,3) < Qreq(3))||Fb_s(3)==0||(ElxB(4)==0 && S_Offer(bid,4) > Qreq(4))||(FlxB(4)
==0&&S_Offer(bid,4) < Qreq(4))||Fb_s(4)==0||Fb_s(5)==0|| S_Offer_Total(bid,1)
==0||S_Offer_Total(bid,1)>sum(Qreq)
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            BU_4_S_Offer(bid,1) = 0; %Buyer utility for seller's offer
        else
            BU_4_S_Offer(bid,1) =  sum(Wb1.*Fb_s); 
        end
               
        BU_4_S_Offer_ary(bid,:)=[S_Offer(bid,:),BU_4_S_Offer(bid,1)];% array of rejected 
offers and B1's utility for them
        BU_4_S_offer_sorted_ary=sortrows(BU_4_S_Offer_ary,6,'descend'); %sort the 
seller's feasible outcomes in a descending order
 
        if BU_4_S_Offer(bid,1) >= B_RV %compare utility of seller's offer with buyer's 
reserved utility
            B_accepts_S_Offer = S_Offer(bid,:);
            Agreed_Bargain=B_accepts_S_Offer;
            tosf = 1; %buyer concedes and accepts seller's offer
            tof=1; 
            
            %% technically, this small section below isn't seen by trading agents
            
            Outcome_BU = BU_4_S_Offer(bid,1); %buyer util for agreed outcome
            Outcome_SU = S_Offer_Util(bid,1);
         
         else
             
         B_Bid(bid,1:5) = b_bid_0(bid,1:5);
         end    
 
        if tosf==1
            tof=1;
        break
        else
             bN_bid=bN_bid+1;
            total_bargain=total_bargain+1;
        end
        
        %% ### Seller's evaluation of buyer's bid ###%%
 
        for j = 1:Nissues-1
            Fs_b(j)= B_Bid(bid,j)/Ex;
            if B_Bid(bid,j) > Ex 
                Fs_b(j) = 0;
            end
        end
        
        %% ### This section for price evaluation by Seller ###%%%
 
        B_Bid_Cost(bid,1) = sum(B_Bid(bid,1:4))*B_Bid(bid,5);
 
        if B_Bid(bid,5) < S_lcoe
            Fs_b(5) = 0;
        else
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            Fs_b(5)=(sum(B_Bid(bid,1:4))*(B_Bid(bid,5)-S_lcoe))/(Ex*(max(Qprice)-
S_lcoe));
        end
 
        if Fs_b(5)>1
            Fs_b(5)=1;
        end
        
        if sum(B_Bid(bid,1:4))>Ex || Fs_b(5)==0
            SU_4_B_Bid(bid,1) = 0;
        else
             SU_4_B_Bid(bid,1) =  sum(WS1.*Fs_b); 
        end
        
          SU_4_B_Bid_ary(bid,:)=[B_Bid(bid,:), SU_4_B_Bid(bid,1)];% array of rejected 
offers and B1's utility for them
          
       if SU_4_B_Bid(bid,1) >= S_RV %compare utility of seller's offer with buyer's 
reserved utility    
 
               S_accepts_B_Bid = B_Bid(bid,:);
               Agreed_Bargain=S_accepts_B_Bid;
               tobf = 1; %seller concedes and accepts buyer's offer
               tof=1;
               
%% technically, this small section below isn't seen by trading agents
            
               Outcome_BU = B_Bid_Util(bid,1); %buyer util for agreed outcome
               Outcome_SU = SU_4_B_Bid(bid,1); 
               break
       else
            s_offer = randperm(length(SU2),1);
            SR_ary(bid,1)= s_offer; %keeping a record of all random offers
            s_offer_0(bid,:) = SU(s_offer,:); %seller'a randomly selected offer          
            S_Offer_Util(bid+1,1) = s_offer_0(bid,13); %utility of offer seller is making 
to buyer           
            S_Offer(bid+1,1:5) = s_offer_0(bid,1:5);
            s_offer_ary(bid+1,:) = [S_Offer(bid+1,:),S_Offer_Util(bid+1,1)];
       end
         if tobf == 1 % That's buyer bid accepted
            tof =1; 
            break
        else
            sN_soffer=sN_soffer+1;
            total_bargain=total_bargain+1;
        end
end
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