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Abstract

The integration of distributed energy resources and the transition to smart cities are
shifting the urban energy sector to a decentralized operating system. Blockchain-
based microgrids, where small-scale operators trade electricity among each others,
have gained remarkable attention recently. However, most of the proposed schemes
study smart grids in prosperous cities. In this study, the performance of a solar-
based power trading scheme is investigated in a shortage-prone context, Beirut City.
Thus, we resort to a game-theoretic approach to model power trading as a repeated
game between buildings at the urban scale. Results show that solar energy can cover
up to 25% of the city electricity needs, depending on the rooftops area coverage. On
the other hand, we found that deploying a peer-to-peer trading scheme has marginal
impact since the energy demand in the city exceeds the supply and most buildings
would prioritize self-consumption.

Keywords Smart grid - Game-theory - Peer-to-peer energy trading - Distributed
solar energy - Developing countries

Mathematics Subject Classification Multistage and repeated games 91A20 -
Noncooperative games 91A10 - Applications of game theory 91A80 - Distributed
algorithms 68W15

P4 Sara Najem
sn62@aub.edu.lb

Alaa Krayem
alaa.krayem@mdh.se

Ali Ahmad

aahmad @hks.harvard.edu

Department of Energy, Building and Environment, Future Energy Center, Milardalen
University, Visteras, Sweden

2 John F. Kennedy School of Government, Harvard University, Cambridge, MA, USA

Physics Department, American University of Beirut, Beirut, Lebanon

@ Springer


http://orcid.org/0000-0002-1171-870X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12667-021-00483-3&domain=pdf

68 A. Krayem et al.

1 Introduction

The urban energy sector is undergoing face-paced transformations linked to the
accelerated advancement in renewable energy systems and to the penetration of dis-
tributed energy resources. The main challenge of renewable energy resources is their
variability under different weather conditions, which triggers the need for flexible
and stable energy operations [11]. Further, there is a concomitant “digital transition”
that the sector is witnessing due to the development of Information and Communi-
cation Technologies (ICT) and the penetration of smart energy services [39]. This
emerging complexity of the energy systems calls for further research of decentral-
ized and digitized approaches to optimize city-wide power management [3].

By scaling down from a centralized grid to a group of interconnected or indi-
vidual microgrids, small-scale participants can trade energy within their com-
munities, and control their energy generation and demand. However, such mar-
ket urges the need for a secure and smart information system [29]. Blockchains
are considered as a promising solution for decentralized market design, that
ensure transparent, distributed, and secure transactions among energy consum-
ers and producers [11, 29, 39]. A blockchain is a distributed public data-ledger
maintained by achieving the consensus among a number of nodes in a peer-to-
peer (P2P) network [26]. The nodes perform some actions or strategies to maxi-
mize their own utility, and generally have conflicting interests. Moreover, some
nodes may be malicious, and tend to form collisions and blow up the principle of
decentralization [26]. To address these risks, game theory has been applied in the
blockchain network [26]. Game theory provides efficient analytical tools to model
interactions among entities (i.e, nodes) with conflicting interests in a distributed
manner [9]. It can also be used to develop incentive mechanisms to encourage
entities to perform certain behaviors or prohibiting them from executing other
ones [26]. Nodes can learn and predict each other strategies which optimize the
decision making strategies and reduce the security risks.

Several researchers have studied blockchain technology in the energy sector
[29, 34], and game theory methods within the context of the smart grid [1, 2, 14,
20, 23, 27, 30, 35-37, 41]. Moreover, many prosperous countries have already
implemented P2P energy trading technology in some of their cities [29, 38, 40].
A particular case, Tunisia, which is considered a developing country, has already
started its transition to a smart electrical network, which requires the exploration
of P2P energy trading potentials [28].

The blockchain technology and game-theory models are mostly investigated for
a “3D” purpose: decarbonization, decentralisation and digitization of the energy
market, considering advanced infrastructure and energy provision. However, in less
developed context, in cities with poor or even collapsed infrastructure and deficient
in energy provision with intermittent schedules over the day, could renewable energy
be an alternative for the current production system? Would smart grid technologies
integration with P2P energy trading be possible? And what would be their potential?

In this paper, we explore the potential of power trading in the city of Bei-
rut. Beirut is a Mediterranean city, well known for its electricity challenges,
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and fragile energy sector. The city (and the whole country) is undergoing harsh
rationing of electricity that is worsening year after year. On the other hand, Bei-
rut has the potential to meet 8-50% of its power needs, thanks to its solar power
potential, according to a previous study [32]. Therefore, it is important to con-
sider the evaluation of a smart grid implementation and its outcomes in terms
of energy savings. This examination would achieve a twofold goal: maximize, if
possible, the solar power potential in Beirut, and expand the space where game-
theoretic smart grids are tested. For this purpose, we build on a previous work
[10] to develop an energy trading scheme, with a game theory approach to model
the interaction between “prosumers”, a term that refers to users who consume,
produce, store and share energy with other grid users [18]. Despite being a case
study, the presented analysis is relevant to many cities and communities around
the world that face power supply challenges similar to Beirut City and are looking
to maximize their distributed solar energy potential. This global relevance of the
obtained results is examined in the discussion section.

This paper is structured as follows: in Sect. 2, we first present the essential data
to build our model, and then proceed by formulating the game based on which the
smart grid is developed. The results of the power trading platform are illustrated
in Sect. 3, before moving to the discussion of the methodological observations and
policy implications of the study in Sect. 4. And in the end, we conclude by listing
limitations of the study and setting the ground for future work.

2 Methods
2.1 Data collection and preprocessing

Beirut is located on the eastern shore of the Mediterranean sea with a stock of
17,742 buildings (in 2016). The power provider, Electricit¢ du Liban (EDL), seg-
ments the city into 59 sectors, and the buildings are grouped accordingly. Each sec-
tor has a schedule of electricity provision and outages. Figure 1 shows the sectors
distribution in Beirut. EDL divided the city into 79 sectors, which do not overlap
with the city’s districts. We thus use their shapefile of the sectors’ division to assign
building IDs, which allows the identification of outages schedules. More precisely,
the buildings receive their electricity needs from the national power utility in Leba-
non EDL, and from private diesel generators during daily systematic outages of 3
h in Beirut administrative area. Electricity bills from EDL are provided at the bi-
monthly level, which we have acquired for 13,317 buildings, and no records of elec-
tricity consumption with finer time resolution were provided or made available. On
the other hand, diesel generators are not metered, but the outages schedules are pro-
vided at the daily level. Therefore, the average hourly electricity consumption can be
calculated to estimate the potential energy demand during outages, before aggregat-
ing the results to the bimonthly level to ensure data consistency. For a better formu-
lation of the trading scheme and its potential, data for two additional years (named
2016 and 2017 for simplicity) were randomly generated from the 2015 actual data,
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Table 1 PV specifications in the

different tested scenarios PV specs. Scenario 1 (%) Scenario 2 (%)
Efficiency r 15 15
Cover ratior, 50 75
Performance ratio PR 75 75

0 0.9 1.8 Km
e |

Fig. 1 Spatial distribution of buildings by sector in Beirut administrative area. Each color represents a
different sector

by multiplying each building demand by a random number ranging between a lower
and upper percentages.

As for the rooftop solar energy production, a previous study, Beirut solar map
[32], estimated the aggregated bimonthly solar irradiation / at Beirut buildings
rooftops. The findings of this study were used as inputs to the power trading model
presented here. The solar production of each building’s rooftop S; is calculated as
follows:

S;=1;xA; Xr,XrxPR 1)

where A; is the rooftop area of the building i, r, is the ratio of covered area, r the
solar panel efficiency, and PR is the performance ratio to account for losses. Their
values are shown in Table 1, and all acronyms listed up to this point and beyond are
given in the Appendix.

As we will see in the next section, the microgrids are grid-connected, which
means they operate in conjunction with the main grid and supply a fraction of the
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total load provided by EDL [15]. However, due to the occurrence of outages, they
have to switch to the islanded mode and undertake the job of supplying the loads
[15]. This imposes control, protection, stability and safety issues, especially in case
of unplanned islanding [12]. To account for the islanded mode, the scheme is mod-
eled by disconnecting the solar generators from the grid accounting for the worst
case scenario. In this case, the amount of solar energy is reduced by the average of 3
h of production. Therefore, this study reports results of a lower and upper bounds of
solar production and trading.

2.2 Energy trading scheme

The system is modelled in such a way that each sector has its own microgrid P2P
energy trading. Each microgrid consists of a set of prosumers, i.e. buildings, con-
nected to a central power station controlled by EDL. They are also connected to
each other through smart meters for communication and energy trading. Prosum-
ers first satisfy their electricity needs from their own renewable energy produc-
tion from rooftops solar PVs (without batteries). Then, they can assess their extra
needs or remaining renewable energy to decide to cooperate through a power
trading scheme. If additional electricity is still required even after cooperation, or
the user decides not to cooperate at all, it can purchase its electricity needs from
EDL.

The models are formulated over a period of 3 years. At each time slot, in our case
2 months, each user has two values: its total electricity demand D;, and its harvested
solar energy S;. By subtracting these two values, it can determine if it needs addi-
tional power or it has a surplus of renewable energy, and therefore will cooperate as
a consumer or a producer at this time slot.

2.3 Game formulation

A repeated game is considered to enable power exchange among players. At each
stage of the game, the prosumer decides either to cooperate with one (or more)
player in the microgrid to increase its monetary benefits, either to defect in case its
opponent defect or if a certain benefit is not achieved. The monetary benefit or the
utility # we applied herein is a non continuous utility function, which belongs to a
class of discontinuous games such as price competition and congestion competition
models. It is calculated as the difference between the power costs of the additional
demands, which are fully purchased from EDL, and their costs when fully or par-
tially purchased from the microgrid after participating in the energy trading scheme
as a consumer. On the other hand, if the player is participating as a provider of elec-
tricity, its utility function becomes the total revenue from selling its solar power to
other players. The utility function is defined in Eq. (2), where u; is the monetary
benefit of player i, D, g, its electricity demand from EDL, S, ;0454 its purchased
solar energy from other player(s), c the price of electricity purchased from EDL,
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Tal?le 2 Lebanon f:lectricity Slab in KWh Tariff
tariffs for low tension uses on .
Lo X in LBP/
2 months basis bill, provided KWh
by EDL
1-200 35
201-600 55
601-800 80
801-1000 120
>1000 200

equivalent to the actual rates as provided by the company and shown in Table 2, and
a the cost of buying solar energy from other players and its equivalent to 0.75 of the
EDL prices.

Yy { —(cD; gpr. + GS; purchasea) i 118 @ consumer 2
; o
as; sou if i is a producer

The capital cost of the purchasing of PVs is not accounted for. We assume that PV
modules are adopted following the distribution of solar systems on households as
part of an international aid program due to the dire economic conditions in the
country.

2.4 Matching algorithm

It is assumed that an algorithm is implemented in the players’ smart meters to
manage the game scheme. First, each user calculates its additional electricity
demand or RE surplus, to indicate if it will participate in the trading scheme as
consumer or producer. We ranked the matching players as function of the met-
ric “demand-supply” to minimize the number of transactions. Then, each user
ranks all other possible matching players based on a distance measure, which is
a function of the difference between the player’s additional demand/RE surplus
and the other player’s RE surplus/additional demand in the past time slot. The
geometric distance between the two players is neglected. The euclidean distance
for P2P energy trading between players i (consumer) and j (producer) is given in

Eq. (3):

After that, the ranking lists of all players are used as input to a nested algorithm, the
Galey—Shapley algorithm or the “stable marriage” algorithm, to find the best match-
ing pair from the pool of players. The output pairs by the Galey—Shapley algorithm
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Table 3 Upper and lower limit of bimonthly participants, considering 50% roofs area

Percentage of bimonthly participants

Jan-Feb (%) Mar-Apr (%) May-Jun (%) Jul-Aug (%) Sep-Oct (%) Nov-Dec (%)

Monthly 37 40 41 39 37 37
mainte-
nance fee
of 50,000
LBP

Monthly 42 42 44 43 41 42
mainte-
nance fee
of 100,000
LBP

will play and cooperate at the next time slot. At the end of each time slot (2 months),
each player calculates its cost benefit and compares it with the cost benefit in the
case of not cooperating and to the threshold of 50, 000 LBP, which is the share of
an apartment to its building’s monthly maintenance fee. A sensitivity analysis of
an upper limit of 100, 000 LBP was performed and the results are given in Table 3,
along with the values of the lower limit of 50, 000 LBP. If a cost benefit is not
achieved or if it is less than the threshold, the player will no longer cooperate with
its current pair, and will enter and his partner to the Galey—Shapley algorithm for
matching for the next time slot, without the possibility to be matched together again.
Two remarks had been considered:

— Some players will not succeed to match since the number of producers may be
less than that of consumers (or vice-versa). In this case, the unmatched players
will be in a waiting list.

— Players can play with many players, as much as they have RE to share or need to
buy. Therefore, at each time slot, after the first pair matching, players with RE
excess/energy deficit and in the waiting list enter the matching algorithm again.
This process is repeated until no more producers or consumers to play.

The algorithm is oblivious about the identity of the players as long as their dis-
tance metric is minimized and thus it does not guarantee a unique solution of the
game. For example, if player 1 and player 2 were matched, simultaneously with play-
ers 3 and 4 being a pair, it could equally converge to player 1 and 3 being matched
and 2 and 4 as pairs, as long as the distance metric of both scenarios is exactly the
same.
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Algorithm 1 Pair matching algorithm

1: fortin1:6 do > every time step corresponds to 2 months

2: for i in 1: Npyitdings do

3: Calculate D; and S; for the previous year to label the building as “consumer” or
“prosumer”

4: end for

5: while Surplus of energy of prosumers is not zero or the number of non-matched
players is greater than zero do

6: Calculate the Euclidean distance d; ; matrix between the consumers i and pro-
sumers j

7 Define A the sorted distance matrix d by column in descending order

8: Define B the sorted distance matrix d by row in descending order

9: Feed the matrices A and B to the Galey-Shapley algorithm > it iterates over the
combination of pairs that optimizes A and B simultaneously

10: Collect the non-matched players for time ¢

11: Find energy surplus of prosumers

12: end while

13: Generate the list of matched pairs

14: Calculate the utility u; for each player @

15: if w; ¢ < wugp—1 or uj < 50,000 then

16: Change matched partner in the next iteration ¢
17: end if

18: end for

3 Results
3.1 Market size

The presented methodology above can be used to assess the city-wide potential of
rooftop solar PV power generation with and without allowing players (buildings) to
engage in a peer-to-peer trading scheme.

Figure 2 shows the percentage of the reduction in the yearly electricity demanded
from the national power utility (in other words, the energy savings) as function of
the percentage of buildings equipped with rooftop PV systems. Assuming only 50%
of the buildings’ rooftops can be occupied by PV panels (upper chart), the maxi-
mum annual savings of electricity would be around 101.5 million kWh, which is
equivalent to 17% of the annual electricity demanded by the same set of buildings.
If the rooftop area available is increased to 75% (lower chart), the maximum would
increase to 145 million kWh, equivalent to 24.3% of the demand." It should be noted
that these maximum values can be considered as theoretical limits rather than realis-
tic targets since they assume that all the buildings in the data set would install solar
PV systems. In reality, only a fraction of the buildings would do so, depending on
financial and regulatory incentives.

! The choice to examine solar PV potential under 50 and 75% availability factors is based on the work of
Eslami et al. using the same data set [16].
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351 EE With trading
301 [ Without trading
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% of buildings with PV

Fig.2 Percentage of yearly electricity reduction provided by EDL as function of the percentage of build-
ings with solar PVs (50% roofs area for upper figure, and 75% roofs area for lower figure), with and with-
out trading. Note that these results are based on an assumption that no outages are occurring

Another aspect that is highlighted in Fig. 2 is the impact of peer-to-peer trading.
If a micro-grid is employed and energy trading among sectors and among buildings
is enabled, the electricity savings are expected to be higher since buildings which
have excess of energy can trade it with other buildings that need power. However,
in the case of Beirut City, the impact of electricity trading remains marginal. When
trading is enabled, the savings increases between 1 and 5% compared to the baseline
case without trading. The main reason for this is that most of the generated power
is preferentially deployed for self-consumption since the electricity demand within
the city, at any time, far exceeds the supply by the national utility. While in princi-
ple peer-to-peer trading should lead to significant savings, for the mechanism itself
to work it needs some prerequisites such as modern infrastructure, smart metering,
robust gird with low losses as well as an enabling regulatory environment.

Another prominent problem that faces distributed power generation in Lebanon is
the “islanding” effect due to the frequent power outages [5]. Despite outages, power
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I Actual Power demand
[ Power demand after PV (lb)
[ Power demand after PV (ub)

1.2
1.0
0.81
0.6
0.4
0.2

0.0"
Jan-Feb Mar-Apr  May-Jjune July-Aug Sep-Oct Nov-Dec

leg
1.24
1.0
0.81
0.6 1
0.41

Bimonthly EDL electricity consumption (MWh)

0.2

Jan-Feb Mar-Apr  May-Jjune July-Aug Sep-Oct  Nov-Dec
Time Period

Fig. 3 Power demand before and after solar production (50% roofs area for upper figure, and 75% roofs
area for lower figure), considering 3 daily hours of solar energy disconnection (Ib) and full solar produc-
tion (ub), with energy trading

supply in Beirut is better than other regions in Lebanon. While outages can be to
16 h/day in some inland regions, Beirut only suffers from 3 to 6 h of outages?. Fig-
ure 3 shows the bimonthly potential electricity that can be generated by rooftop PV
systems with and without outages. The bimonthly accounting, which also shows the
seasonal variation, is because data is only available in such a time frame.

As expected, the presence of a 3-h outages per day in Beirut decreases the city’s
rooftop solar PV potential by an average of 5.8%. Such a low impact of the islanding
effect is quite logical given that little trading is possible to start with in the current

2 Even in Beirut, power outages have been increasing due to the national utility’s inability to run its
power plants at full capacity due to either fuel shortages or lack of maintenance, both resulting for the
currently unfolding economic crisis
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Fig.4 Distribution of the number of matching producers per consumer (50% roofs area for upper histo-
gram, and 75% roofs area for lower histogram)

environment. Clearly, if another city, where power supply is uninterrupted, is being
modeled these outages would likely have a much more substantial impact.

3.2 Market efficiency

Besides estimating the market size for rooftop PV electricity potential in Beirut,
the developed model could also be leveraged to assess market efficiency through
examining its levels of competitiveness. Figures 4 and 5 show the level of competi-
tiveness in July—August among producers and consumers, respectively. According
to Fig. 4, more than two thirds of consumer buildings have less than 10 possible
matches among producers (upper chart: 50% availability factor). A match is a build-
ing with the “energy” distance to the player (described in the matching algorithm
above) is less than 1000 KWh. In the lower chart of Fig. 4 (75% availability factor),
the percentage of buildings that have less than 10 matches is slightly lower at 63%.
Further, one third of consumer buildings are capable to match with only one player.

As shown in Fig. 5, while most of the consumers have less than 10 possi-
ble matches, 83 and 82% of producers have between 2 and 100 possible consum-
ers, at 50 and 75 rooftop availability factor, respectively. Competitiveness among
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Fig.5 Distribution of the number of matching consumers per producer (50% roofs area for upper histo-
gram, and 75% roofs area for lower histogram)

consumers to find a matching producer is very high, while it is much weaker among
producers looking to find a matching consumer.

If we assume that 100% of buildings are equipped with PV systems and willing
to participate in the trading scheme, percentage of participants is expected to reach
42 and 58% at 50 and 75% rooftop availability factors, respectively. These are peak
values during the May—June period as shown in Fig. 6. The number of participants
drops by only a few percentage points during the fall and winter months. Over the
entire year, the consumers outnumber the producers by 30%.

3.3 Sector-level analysis

The building data set utilized in this paper also maps buildings to specific sec-
tors within the city. Although the geometric distance between two matching play-
ers is not a criterion in the developed matching algorithm, assigning buildings to
specific sectors is relevant in the case of Beirut since the power outages scheme
is sector-based. At any given time during the day, a number of sectors receives
electricity from the national utility while other sectors do not. Figure 7 shows
the annual power consumption of each sector in the current situation and after
the PV installation with different rooftop area availability factors. It is interesting
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Il Participants
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I Consumers
501 Transactions
40
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Jan-Feb Mar-Apr  May-Jjune July-Aug Sep-Oct Nov-Dec
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Time Period

Fig.6 Percentage of total participants (among 13,317 buildings), producers and consumers in the P2P
trading scheme (50% upper figure, and 75% bottom figure)

to observe that the impact of the deployment of rooftop PV systems is different
among sectors. The percentage of power reduction varies between 8 (sector 45)
and 60% (sector 76).

In order to find if there are any specific commonalities between sectors with
similar power reduction percentages, sectors were clustered based on average and
standard deviation of monthly power consumption, average and standard deviation
of monthly solar energy, total rooftop areas, and number of buildings (among the
13,317 buildings examined in this study). We applied k-means algorithm to cluster
the sectors, and the number of clusters, three in this case, was defined based on an
optimization procedure. The correlation among these variables is shown in Fig. 8.
Each dot represents a cluster of sectors. As the plots of the figure illustrate, clusters
can be easily distinguished, which reveals that the sectors in each cluster have par-
ticular characteristics compared to the ones in other clusters. For example, sectors
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Actual Power Demand
Il Power demand after PV (50%)
Il Power demand after PV (75%)
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Annual power consumption (MWh)

Fig.7 Actual annual electricity consumption by sector, and its simulated values after implementation of
PV over buildings’ rooftops. The sector IDs are set by EDL

in the green cluster have a high number of buildings, rooftop area, average monthly
energy and variation of energy consumption.

4 Discussion
4.1 Methodological observations

Among Beirut’s buildings, 75% were used in this study, which constitute a well-
representative sample of the buildings. We obtained the yearly electricity con-
sumption of these buildings from EDL at the bi-monthly level. Yet, smart grid
technologies consist of smart meters generating data at finer time intervals
(hourly and daily). To better study the implementation of a power trading scheme,
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Fig. 8 Scatter matrix plot to show the correlations between the different features characterizing the elec-

tricity sectors in Beirut

the electricity consumption at hourly or daily resolution is more effective. Partici-
pants would have the chance to better manage their electricity consumption, and
negotiate as traders the price. At a later stage, traders can negotiate for extended
future time horizons [29]. Therefore, the presented study can be considered as a
first-order analysis of P2P energy trading potential in Beirut.

We adopted a simple broadband pricing mechanism, based on the official
prices from EDL that vary relatively to the amount of consumed electricity and
the building type. However, a more sophisticated pricing scheme can be applied.
An energy cost model can define the different costs of the same load at different
times of the day that optimize the electricity price for minimization of the energy
cost of all users [31]. This is considered as a top-down approach, where prices are
specified by a third-party. However, engaging prosumers in the electricity mar-
ket would empower them and allow them to efficiently manage their electricity
consumption and production and minimize their economic expenses. A way for
that could be to consider a dynamic pricing that takes into account the fluctu-
ated nature of RE and builds upon real-time information and day-ahead pricing
schemes [21], or that maximizes social welfare or guarantees players’ rationality
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[33]. Market-driven pricing can also be investigated. In some cases, a price com-
petition or bidding could occur and modelled based on game-theory [22].

4.2 Policy implications

The expansion of distributed energy is one of the global trends in electricity pro-
vision [24]. Distributed power generation brings in several benefits compared to
the traditional model of centralized generation. First, since distributed sources are
often close to the consumer, they allows for higher energy access without the need
for expensive investments in power transmission and distribution infrastructure [7].
Second, they offer better energy security against both natural disasters and deliber-
ate attacks [19]. The economics of the deployment of distributed energy systems
have been constrained by the so-called “economies of scale”, which favors large
power plants [13]. However, the dramatic reduction in the cost of renewable energy
technologies, particularly solar PV over the last decade has initiated a paradigm shift
in the way governments and the public perceive the role of renewable distributed
energy systems. Moreover, the capacity constraints and capital cost of large central-
ised plants when considering the installation, distribution, transmission and carbon
costs, make them not optimal and may lead them to an end [8]. While the role of dis-
tributed solar PV systems in powering remote communities is well-established, their
potential to power urban context presents an exciting opportunity to shift towards a
more sustainable energy future.

One of motivations of this paper is to test advanced approaches such as P2P trad-
ing of solar PV-based generation in a developing context with major structural chal-
lenges. Beirut city represents a perfect example to conduct such an analysis because
of its widely known electricity provision issues [4]. Three major structural chal-
lenges characterize the integration of renewable distributed power generation in Bei-
rut (and in Lebanon in general): frequent power outages, poor transmission and dis-
tribution network, and lack of RE-friendly legal and regulatory frameworks. While
the absence of regulations does not impact our technical analysis as we have ignored
it, power outages and network quality are two essential components for the technical
and economic viability of the integration of on-grid solar PV systems.

The results outlined above show the impact of power outages and poor service
delivery in limiting Beirut’s potential for deploying on-grid rooftop PV systems.
The impact is driven by three major effects of power outages. First, power cuts cre-
ate an energy deficit that would naturally encourage the deployment of solar PV
systems for self-consumption. Second, the poor state of the network and its high
losses further weakens the economics of any trading potential. Total (technical and
non-technical) network losses are estimated at around 34% in Lebanon [17]. This
means that for every kWh that is exported to the distribution grid, 0.66 kWh would
be delivered to the consumer. Third, and most importantly, the prevalence of power
outages mean that the network may not be able to absorb solar generation and pass it
on from producers to consumers in the first place.

The reported results have shown that electricity provision around the clock,
particularly during the day time, is paramount for the success of any P2P energy
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scheme that is based on solar energy. As shown in the case of Beirut, P2P trading
potential to increase the city’s solar energy penetration is rather modest. However,
and despite these challenges, a pilot model can still be implemented, but on the sec-
tor level rather than on the building level. One major observation from the results
is large disparity between the solar PV potential in different sectors within the city.
This could potentially lead to two major policy recommendations: (1) in the short-
term, sectors with the highest solar PV potential should be prioritized with power
supply during the day to allow for the national network to absorb all of their avail-
able solar electricity that can be fed into the grid. Power outages in these sectors
can take place during the evenings. (2) The buildings in the targeted sectors could
be prioritized with the deployment of smart meters, a step that is essential for on-
grid distributed systems, and thus energy trading, to work. So far, the use of smart
meters is very limited in Lebanon but there is a plan to expand their use as part of a
modernization plan of the national power utility. Given their high cost and gradual
deployment plans, we recommend that the early wave of deployments to target sec-
tors with the highest solar PV potential.

On the financial side, the economics of P2P trading is more complex than the
typical policy frameworks, which include exporting solar PV electricity to the grid
such as net-metering or feed-in-tariff. While all of these policy instruments require
serious grid, metering and policy upgrades, P2P requires sophisticated mechanism
that would balance the interests of consumers, producers, and the national power
utility. Producers (or developers) would need to see a positive net present value for
their investments, a short pay-back period. Consumers would need to see savings
vis-a-vis the status quo scenario. As for the national power utility, it can expect P2P
to offer substantial reduction of losses in the short-term and a minimal (if not posi-
tive) impact on its revenue model post-tariff adjustment and cost recovery through
the imposition of grid charges. Optimizing a tariff structure that can simultaneously
achieve these interests on both sides is not straightforward and would require careful
economic assessment and experimentation.

4.2.1 Relevance to other cities

The poor state of power supply in the city of Beirut (and in Lebanon) is not unique—
numerous other cities are in the same position. According to a 2019 report by the
International Finance Corporation, 1.5 billion people around the world live in cit-
ies with weak electricity grid and experience blackouts for hundreds and sometimes
thousands of hours [25]. For example, major cities in Nigeria (Lagos), Pakistan
(Karachi), Iraq (Baghdad), and Yemen (Sanaa) to name just a few, have the same
power supply shortages problem that Beirut faces. As such, the presented analysis is
relevant to those cities in their pursuit of reducing the use of diesel generators.

In addition to the structural similarities of poor power infrastructure in many cit-
ies around the world, the shift to citizen-led distributed power generation is also
motivated by deepening economic crises, especially in the wake of the COVID-19
pandemic. Pressing economics and constrained fiscal space strengthen the case for
distributed renewable energy while achieving important energy security and envi-
ronmental benefits. Consequently, cities that are in the same situation as Beirut
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should start designing and implementing the needed legal framework to facilitate the
deployment of distributed energy solutions. Another factor that could also accelerate
the transition is removing power subsidies, which would expose the real cost of fos-
sil fuel-based power generation [6].

5 Conclusion

This paper explored the potential of solar PV-based P2P electricity trading in the
city of Beirut using a game-theoretic approach. The analysis estimates the maxi-
mum technically-feasible annual savings of electricity in Beirut to range between 17
and 24.3% of the electricity demanded by the studied set of buildings. The impact
of electricity trading was found to be marginal since it only increased savings by a
maximum of 5%, highlighting the role of power sector’s structural challenges in pro-
hibiting advanced concepts such as RE-based P2P schemes in developing countries.

It is worth noting that this formulated game and the algorithms used for matching
and optimization do not ensure non-degenerate solutions and thus the recommenda-
tion of the matched pairs is not unique.

The presented analysis is limited to operational costs only, i.e. capital costs of the
solar PV systems have not been included in the game formulation. This approach
was followed because of the existing economic crisis in Lebanon where wide adop-
tion of distributed solar systems would not be possible without an external aid either
in the form of grants or provision of solar kits (similar to the World Bank’s Program
in Yemen). Given the high capital cost of solar systems compared to the hugely
devalued Lebanese currency, paying for them would be a barrier. Finally, building
on the limitations of the current study, additional exploration can be carried out to
apply the game at the sector level, instead of the building level, improving on the
current formulation by including PV costs, and taking it to the level of dynamic
pricing.

Appendix

Nomenclature

a Price of 1 KWh of solar energy bought from other players

Area Sum of building’s total rooftop area in m?, in a given EDL sector

Averagep,,  Average monthly power consumption, in a given EDL sector
Averageg,,,, Average monthly solar energy production, in a given EDL sector

c Price of 1 KWh of electricity purchased from EDL

D, Total electricity demand of player i

D; gpr. Electricity demand of player i purchased from EDL

D; yia Additional electricity demand of player i, after PV installation
d;; Euclidean distance between consumer i and prosumer j

EDL Electricité du Liban

1 Solar irradiation
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LBP Lebanese Pound

N Number of players, buildings in this case
P2pP Peer to Peer (network)

PR Performance ratio of PV

PV Photovoltaic energy system

Solar panel efficiency

T, Ratio of covered rooftop by PV

RE Renewable energy

S; Total solar energy production of player i

S; Solar energy surplus of player i, after satisfying its own electricity
need from PV installation

S purchased Solar electricity purchased by player i from other players

S sold Solar electricity sold by player i

S; add Excess of solar energy of player j, after satisfying its own electricity
needs

Stdevgp, Standard deviation of monthly power consumption, in a given EDL
sector

Stdevg,,, Standard deviation of monthly solar energy production, in a given
EDL sector

t Time slot

u; Monetary benefit of player i
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