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A B S T R A C T

Local electricity markets based on peer-to-peer (P2P) trading schemes have emerged as an innovative
mechanism to sell electricity from prosumer to consumer, to utilise efficiently and value local flexibility, and to
support grid management. In this paper, we analyse a local market applied to a real-life neighbourhood of 52
households in Norway. As prosumers and consumers trade within this community, we analyse the value of P2P
trading compared to cases where no local markets are available, along with the impact of PV, batteries and
EVs deployment. As these technologies and local trading interactions might create challenges to the physical
operations of the grid, we analyse the effect on power flows, voltage variations and system losses. The main
findings indicate that there are no significant impacts on the grid operation of the P2P market when only
PVs are installed in the system. With decentralised batteries available, the P2P trade induced more voltage
fluctuations and 14 % more losses within the neighbourhood than the case with no local market. However,
the local market brings overall savings for the end-user and sets the frame to design pricing schemes (e.g.
manage losses) that are tailored to support DSO operations.
1. Introduction

The ongoing deployment of distributed renewable energy sources
is transforming the way we consume and produce electricity. Solar PV
production in homes and buildings are expected to account for 530 GW
by 2024 globally [1]. This is mainly due to the investment costs in solar
PVs and batteries have been declining exponentially over the recent
years [2,3]. This trend shows that small-scale energy technologies are
becoming affordable for regular households, creating the transition
from consumerism to prosumerism. This development is complemented
with the advancement of ICT technologies, enrolment of smart metres,
and potentials from distributed ledger technologies (e.g. blockchains).
Digitalisation and automatisation will enable a closer interaction be-
tween end-users, DSOs, and other system agents (e.g. aggregators), and
introduces the possibility of a more consumer-centric power system [4].

Energy communities and Peer-to-Peer (P2P) trading in local elec-
tricity markets provide a new framework to manage renewables in
low-voltage grids. In the last years, there has been a growth in real-life
pilot projects demonstrating their viability and challenges [5–7]. The
decentralised management and collaborative principles characterising
these structures allow for the prosumers’ preferences to be taken in
consideration in the creation of a local market [8]. Studies suggest that
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P2P trading reduces total electricity costs, improve self-consumption,
and promote more effective utilisation of local distributed energy re-
sources (DER) [9–11]. However, the exchange of electricity is different
from other goods’ trade, as the agents are connected to a complex
power system. This raises the question, how this emerging local market
structures will concur with the hard technical constraints of the grid?
That is, if local electricity markets based on P2P schemes take place
within a distribution network will they induce more grid losses, volt-
age variations, grid congestion, or other physical constraints to DSO
operations? For example, P2P trading might be driven by prosumer-
to-consumer overall welfare benefits and leave behind any downturns
or challenges to grid operators. In this regard, while existing literature
note some initial insights on the coordination between local markets
and distribution grid operations [12,13], the research in this area is
still limited (see recent review on the topic [14]).

To understand the impact of P2P trading in grid operations, this
paper analyses both the market clearing decisions and the power
quality features of the low-voltage grid. In short, the objective is to
understand:
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• What is the impact of local markets on voltage variations, grid
dependency, and losses? (comparing the value of P2P trading
compared to cases of no local trading)

• How does the local market behaviour vary with different assets
available, and how do the following decisions affect the grid
operations?

In order to address these research questions, we developed a two-
tep modelling framework: a P2P market optimisation and an AC power
low. Based on this approach, we analyse the economic effects of the
rading and the technical impacts on the grid separately. Different
ases based on PV and storage deployment, are analysed and the
perational impacts of having a P2P market or not are compared for
ach. Additional cases are evaluated to perform sensitivity analyses
f the obtained results. Moreover, a novel framework proposition to
anage losses is incorporated into the P2P market model. All these

ases are applied to a real-life distribution grid in Norway compromised
f 52 customers. Fig. 1 illustrates the overall idea on linking a P2P
arket decisions to the grid operations.

The paper is organised as follows. The following section presents re-
ated literature and summarises the contribution of the paper. Section 3
escribes the models and methods. Section 4 summarises the neigh-
ourhood grid, houses, and overall data scope, while the results and
nalysis are given in Section 5. Then, Section 6 summarises conclusions
nd perspectives for future work.

. Related literature

In the early stage of studying local energy systems, the concept of
lexibility was introduced as a potential key asset for system operators.
emand response would support the DSO with voltage control and con-
estion management, and balancing power and frequency control for
he TSO [15,16]. Significant effort has been devoted to this literature
tream [17–19]. As the idea of P2P trading has emerged, the focus
as shifted towards the market and end-user perspective rather than
he implications for the grid operators (Refer to Tushar et al. [20] for
omprehensive review on the research of these markets).

Over the recent years, several real-life pilot projects for P2P mar-
ets has been deployed. Well-know examples include the Brooklyn
icrogrid [6,21] and the sonnenCommunity in Germany [22]. Both

rojects are constituted to help out the DSO by completely decoupling
r controlling the electricity supply in case of natural emergencies and
se mechanisms to balance supply and demand. However, it seems to
e an overall larger focus on the development of the trading platforms
ather than investigating the daily operational impacts the projects
ave on the distribution grid.

Recent academic studies have emerged considering the technical
onstraints associated with trading within a low-voltage power system.
uerrero et al. [13] propose a method based on sensitivity analysis to
valuate the technical impacts caused by the P2P transactions in a low
oltage network and to ensure that no network constraints are violated.
hey utilise sensitivity coefficients for voltage change, system losses,
nd power distribution factors to predict the network state caused by
ach transaction made in the P2P market dispatch. The study provides
n analysis of the network state after the grid constraints have been
mplemented.

Zizzo et al. [23] evaluate power loss allocation due to energy
xchanges using blockchain technology in a medium voltage network.
ushar et al. [12] proposes a game theoretical approach, facilitating an

nteraction between prosumers and the DSO to minimise consumption
eaks. Incentives for peak demand shaving are also discussed by Wang
t al. [24]. Others, like Munsing et al. [25] and Baroche et al. [26]
ave utilised different versions of decentralised optimal power flow
nd grid utilisation costs strategies. Almasalma et al. [27] propose a
rid voltage control scheme, based on PV inverter control, integrated
nto the P2P trading model. None of these methods, however, explore
2

the actual impacts on the grid, as they mainly focus on the market
solutions obtained with the grid constraints integrated into the market
optimisation.

Azim et al. [28] analyse the power losses caused by P2P trading by
comparing the results with that of a non-P2P technique. The differences
were found to be insignificant, but increasing with the amount of
storage available to the prosumers. Nikolaidis et al. [29] introduce a
graph-based approach to allocate the losses occurring in the grid when
introducing transactive energy trading in radial distribution grids. Di
Silvestre et al. [30] uses indexing for the same purpose, emphasising
the challenge of allocating losses caused by local transactions due to
the mismatch between the virtual and physical power flows.

Hayes et al. [31] provides a similar co-simulation approach of the
P2P trading and power flow analysis, but only simulate over a 24 h
period. Orlandini et al. [32] performs a full AC power flow to analyse
the grid impacts of P2P trading. An iterative methodology is proposed,
which utilises product differentiation and artificial congestion tariffs
to motivate market participants to avoid grid congestion. The study
focuses on line congestion and how it changes under the proposed tariff
scheme.

Differing from most of the aforementioned work, this study will
focus on the technical impacts of a non-interfered P2P market dispatch.
An approach similar to Orlandini et al. [32] is applied, but with
a different market structure and a broader focus on voltage levels,
losses, and peak demand values. This paper analyses various cases
with different system configuration that considers: Solar PV, Batteries,
EVs, and fix-tariffs vs dynamic tariffs. The diversity of these cases
allows to understand the effects of P2P trading into voltage and system
losses under different settings. As we use a real-life case study, the
study provides new perspectives on the impacts of implementing a P2P
market.

Table 1 summarises key studies focused on the grid impacts of P2P
trading. There we have modelling approaches that include network
constraints in the market clearing model, e.g. optimal power flow. In
some cases, the branch flow equations are derived based on the radial
grid structure while others utilise sensitivity coefficients like voltage
sensitivity or power transfer distribution factors to estimate potential
problems in the physical layer. Others accommodate a separate market
and grid evaluation, but do not consider different market or system
configurations. The separated structure of the proposed method splits
the market and the grid layers so that it is attainable to calculate the
impact of P2P trading on the grid precisely. A wide range of scenarios
organised in different cases is selected to investigate the impact of P2P
energy trading in combination with different assets on a realistic grid.
Based on this Table overview, the contribution of this paper provides:

• Analysis of the grid impacts (voltage and losses) caused by P2P
trading based on a real-life case study.

• Analysis and comparison of these impacts with different market
and system configurations (level of distributed energy sources,
e.g. EVs, solar PV and home batteries).

• Proposition of mechanism to empirically estimate and include
losses to the P2P market clearing.

• Provide further insights on the implications of P2P for regular
consumers, and DSO integration of distributed energy sources
based on P2P (e.g., the importance of tariff design on these).

3. Modelling local markets and low-voltage grid operations

The overall methodology is illustrated in Fig. 1. We analyse the local
market dynamics based on an optimisation model. Then, we implement
the market decision into a power flow framework. Lastly, we partially
combine both modelling frameworks.
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Fig. 1. Features on representing a local P2P market together with low-voltage grid impacts. The flowchart illustrate the models implementation and interplay.
Table 1
Related papers considering grid impacts of local electricity markets.

Paper Modelling framework Includes power losses costs Considers various cases/assets

Guerrero et al. [13] According to the Voltage Sensitivity
Coefficients, one determines that the P2P
transaction causes a voltage problem or
not. Also, Power Transfer Distribution
Factors are employed to determine the
utilisation rate of the lines and line
congestion.

The grid losses caused by each
transaction is approximated by Loss
Sensitivity Factors. Agents involved in
that transaction are penalised.

The case of P2P trading with two scenarios
(1. the proposed market model and grid
limitation in the paper, and 2. curtailing
the energy injections leading to overvoltage
or capacity problems)

Azim et al. [33] Assumes that the inverters regulate the
voltage at the point of common coupling
by curtailing the excess energy.

Comparing the power flow with and
without the P2P transactions

Economic Benefits - over voltage -
Transaction Losses/PV

Li et al. [34] It includes the branch flow model of the
radial distribution network in the
formulation, as an optimal power flow.
Nash Bargaining game is applied.

No Two case studies(IEEE 37-Bus and IEEE
123-Bus Distribution Systems)/PV

Wang et al. [35] Minimises the cost of the electricity
generation and thermal losses as an
optimal power flow.

Adding a term (thermal losses) to the
objective function

cases with and without considering the P2P
trading /Fully controllable DERs by the
operator in day-ahead schedules-DERs

AlSkaif et al. [36] Optimal power flow coordinates the
interactions of the DERs using the branch
flow equations in a single-phase
distribution grid.

No One scenario (Convergence of the proposed
algorithm)/EV

Van Leeuwen et al. [37] Optimal power flow and market model
combined in one model.

No 8 scenarios; baseline, trade only, grid only
and grid + trade, all for summer and
winter/PV+Battery+EV.

Lilla et al. [38] Distributed market clearing using ADMM,
considering approximated losses. Losses
are then calculated and allocated to each
transaction.

Losses are first estimated then
recalculated and allocated to each
transaction.

2 (4) scenarios/PV+Battery.

Paudel et al. [39] Power distribution factors estimate
network fees that are provided before the
market clearing.

Network fees considers approximated
losses.

4 scenarios, all p2p with or without losses
and network fees/Unspecified.

Zhong et al. [40] Cooperative market model considering
branch flows.

Cost coefficient for power losses used to
calculate network tariff

Compared to different benchmark models;
No Volt-Var, No DN and No price
constraints. All p2p cases/Unspecified.
3.1. P2P model

The P2P model is a multi-period linear programming model that as-
sumes perfect competition, and it does not consider network constraints
nor physical features (for a similar model see Lüth et al. [9]). The model
is open-sourced, as elaborated in Appendix A. With a community-based
P2P market structure, the objective function comprises the total elec-
tricity costs for the whole neighbourhood, subject to supply, demand,
trade and storage constraints. Similar to the day-ahead market in the
wholesale electricity market, the model finds an optimal solution for
3

the next 24 h based on predefined demand and supply quantities. That
is, we assume that the consumers face wholesale market prices and
this stimulates local market trading. This is the same approach as used
in [9,41].

The objective function that is represented in Eq. (1) aims to min-
imise the total costs related to the community’s electricity consumption.

𝑚𝑖𝑛
∑

(

∑

(𝑐(𝑡)𝑠𝑝𝑜𝑡 + 𝑐𝑒𝑛) ⋅ 𝐺
(𝑡,ℎ) −

∑

𝑐(𝑡)𝑠𝑝𝑜𝑡 ⋅ 𝜓 ⋅ 𝐸(𝑡,ℎ)
)

(1)

ℎ 𝑡 𝑡
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Table 2
Nomenclature of P2P model.
Sets
𝑡 ∈ 𝑇 Hours 𝑡 in time horizon 𝑇 hours
ℎ, 𝑝 ∈ 𝐻 Houses ℎ and peers 𝑝 in community H –
𝑑 ∈ 𝐷 Days 𝑑 in time horizon 𝐷 days
Scalars
𝜓 System loss factor %
s∕s Upper/lower bounds of storage levels in battery kWh
𝛼∕𝛽 Maximum charge/discharge rate of battery kW
𝜂𝐶∕𝜂𝐷 Battery charging/discharging efficiency %
𝑐𝑒𝑛 Energy term of grid tariff øre/kWh
Parameters
𝑑𝑒𝑚(𝑡,ℎ) Demand of house ℎ in time step 𝑡 kW
𝑟𝑒𝑠_𝑝𝑣(𝑡,ℎ) Electricity production from PV of house ℎ in

time step 𝑡
kW

𝑐(𝑡,ℎ)𝑠𝑝𝑜𝑡 Wholesale spot price for electricity from the
grid in time step 𝑡

øre/kWh

𝑆 (𝑑,ℎ)
0 Energy storage level at beginning of

optimisation period 𝑑
kWh

Variables
𝐶 (𝑡,ℎ) Charge of battery at house ℎ in time step 𝑡 kW
𝐷(𝑡,ℎ) Discharge of battery at house ℎ in time step 𝑡 kW
𝑆 (𝑡,ℎ) Energy storage level in battery of house ℎ in

time step 𝑡
kW

𝐺(𝑡,ℎ) Grid consumption of house ℎ in time step 𝑡 kW
𝐸(𝑡,ℎ) Export to grid from house ℎ in time step 𝑡 kW
𝐼 (𝑡,ℎ←𝑝)𝑝,𝑝2𝑝 P2P electricity purchase of house ℎ from peer 𝑝

in time step 𝑡
kW

𝑋(𝑡,ℎ→𝑝)
𝑝,𝑝2𝑝 P2P electricity sold by house ℎ to peer 𝑝 in

time step 𝑡
kW

𝐼 (𝑡,ℎ)𝑝2𝑝 P2P electricity purchase of house ℎ in time
step 𝑡

kW

𝑋(𝑡,ℎ)
𝑝2𝑝 P2P electricity sold by house ℎ in time step 𝑡 kW

As the P2P trade is happening within the community, and thus the
price someone pays cancel out what someone earns, these transaction
costs are not included in the objective function. Compared to the
objective function in the model of Lüth et al. grid tariff consideration
and the possibility to sell electricity to the grid has been added. Since
each house in the community is subject to the fixed-term of the grid
tariff regardless of the market strategy, this is excluded from total
costs. The energy term is, however, added to the costs of importing
electricity from the grid. The Feed-in-Tariff (FiT) is calculated based
on the method currently used by Norwegian DSOs [42], where the
spot-price is multiplied with a marginal loss factor 𝜓 . This factor is
determined by the local DSO. Table 2 denotes the nomenclature of the
P2P optimisation model.

The P2P trading set up within the community allows for direct
trade of electricity among all peers, regardless of an actual physical
connection. Therefore, the import of prosumer ℎ from 𝑝 equals to the
export of 𝑝 to ℎ for each time step.

𝐼 (𝑡,ℎ←𝑝)𝑝 = 𝑋(𝑡,𝑝→ℎ)
𝑝 ∀ 𝑝 ≠ ℎ, (2)

The total amount of sold electricity through P2P trade 𝑋(𝑡,ℎ)
𝑝2𝑝 from each

house ℎ ∈ 𝐻 for each time step 𝑡 ∈ 𝑇 is defined by Eq. (3).

𝑋(𝑡,ℎ)
𝑝2𝑝 =

∑

𝑝≠ℎ
𝑋(𝑡,ℎ→𝑝)
𝑝,𝑝2𝑝 ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (3)

The total amount of purchased electricity through P2P trade 𝐼 (𝑡,ℎ)𝑝2𝑝 is
efined similarly by Eq. (4).
(𝑡,ℎ)
𝑝2𝑝 =

∑

𝑝≠ℎ
𝐼 (𝑡,ℎ←𝑝)𝑝,𝑝2𝑝 ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (4)

t is assumed that the P2P trade is limited to stay within the commu-
ity, with the variable 𝐸(𝑡,ℎ) defining the potential surplus leaving the
ommunity. A constraint to ensure that the sum of sales made by P2P
rade equals the sum of purchases is thus defined by Eq. (5). Compared
o other P2P models in the literature [9,43], there is no system loss
4

oefficient included in this constraint. As the actual losses for each trade
re found by performing a power flow analysis in this model, it was
onsidered superfluous to have it in the market model as well.

ℎ
𝑋(𝑡,ℎ)
𝑝2𝑝 =

∑

ℎ
𝐼 (𝑡,ℎ)𝑝2𝑝 ∀𝑡 ∈ 𝑇 (5)

A central constraint in the model is the power balance equation,
represented in Eq. (6). This constraint ensure that the supply equals
the demand at each house ℎ at each time step 𝑡.

𝐺(𝑡,ℎ) + 𝐼 (𝑡,ℎ)𝑝2𝑝 +𝐷(𝑡,ℎ) + 𝑟𝑒𝑠_𝑝𝑣(𝑡,ℎ)

≥ 𝑑𝑒𝑚(𝑡,ℎ) +𝑋(𝑡,ℎ)
𝑝2𝑝 + 𝐶 (𝑡,ℎ) + 𝐸(𝑡,ℎ) ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (6)

For the cases involving batteries, some additional constraints have
to be added to the market model to control their behaviour. For each
battery, there is an upper and lower bound in both SOC and charging
and discharging rate, represented by Eqs. (7) and (8).

s < 𝑆(𝑡,ℎ) < s ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (7)

0 < 𝐷(𝑡,ℎ) < 𝛽 ; 0 < 𝐶 (𝑡,ℎ) < 𝛼 ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (8)

The SOC for each battery in each time step is also a function of the
SOC of the previous time step and the charge and discharge of this time
step. This is one of the main motivations of performing a multi-period
optimisation as the decisions of time step 𝑡 will depend on the decisions
made in time step (𝑡 − 1).

𝑆(𝑡,ℎ) = 𝑆(𝑑,ℎ)
0 + 𝜂𝐶 ⋅ 𝐶 (𝑡,ℎ) − 1

𝜂𝐷
⋅𝐷(𝑡,ℎ) ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻,∀𝑑 ∈ 𝐷 (9)

Eq. (9) represents the SOC calculation for the first time step (t = 1)
or each period 𝑑. Here, 𝑑 represents the day in the overall time horizon

which are being optimised. At the first day, 𝑆0 is set to be zero for all
atteries, while 𝑆0 for all consecutive days are set to be equal to 𝑆(𝑡,ℎ)

t the last time step 𝑡 of (𝑑 − 1). As the market model only finds the
ptimal solution for each time step 𝑑, this battery behaviour creates a
ore realistic dependency between the periods. Note that the peers are

llowed to perform arbitrage operations and charge their batteries with
lectricity procured from the wholesale market.

.2. Power flow model

After the P2P model has determined the optimal solution for the
ay 𝑑, the next step is to perform a power flow analysis. Due to the
istribution grid’s distinct topology [44], we use the forward/backward
weep method with power summation [45].

One of the main ideas behind the proposed method is to combine
he market and technical models. The P2P model finds a global optimal
olution for the hours 𝑡 within period 𝑑. The power flow is then
xecuted for each hour of the market solution. As an output from the
2P model, we get the seven first matrices described under ‘Variables’
n Table 2. These must be adapted to fit the input requirements of
he power flow, which is the net active and reactive demand at each
ode. The net active power demand is assumed to be the sum of the
apacity imported to the node minus the capacity exported from the
ode. Hence, for each house ℎ the active power demand for each time
tep 𝑡 is calculated by Eq. (10). The battery charging and discharging
s assumed to happen behind the connection point at each node and is
hus not included in the net power injection calculation.
(𝑡,ℎ)
𝑑 = 𝐺(𝑡,ℎ) + 𝐼 (𝑡,ℎ)𝑝2𝑝 − 𝐸(𝑡,ℎ) −𝑋(𝑡,ℎ)

𝑝2𝑝 ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (10)

he P2P model only treats the exchange of active power and neglects
he changes in reactive power caused by this exchange. However, the
eactive power net injection at each node would likely be influenced by
he trade as well. The net reactive power demand for each node must
hus be calculated for each time step 𝑡. For simplicity, it was decided
o find an average power factor for each of the nodes, and keep that
onstant for all time steps. From the given load data, it was obtained
hat all buses maintained a constant power factor of 0.98. The reactive
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power demand for each house ℎ for each time step 𝑡 was thus calculated
ith Eq. (11).

(𝑡,ℎ)
𝑑 =

√

√

√

√

𝑃 (𝑡,ℎ)2
𝑑

cos𝜙2
− 𝑃 (𝑡,ℎ)2

𝑑 =

√

√

√

√
𝑃 (𝑡,ℎ)2
𝑑

0.982
− 𝑃 (𝑡,ℎ)2

𝑑 ∀𝑡 ∈ 𝑇 ,∀ℎ ∈ 𝐻 (11)

After calculating the net active and reactive power injections of
arious houses in day 𝑑 based on Eqs. (10) and (11), the main model
roceeds to the power flow analysis part. This part of the model is
ased on the open-source analysis tool MATPOWER [46]. The tool
ccommodates a forward/backward sweep algorithm, called upon with
he option struct ‘PQSUM’.

The load flow problem is then solved by the algorithm described in
he following steps.

1. Set all voltages to 1 p.u.
2. The apparent branch power flow at the receiving end (𝑠𝑘𝑡 ) is set

to be equal to the total demand at receiving end (𝑠𝑘𝑑) and the
power drawn by the shunt admittance (𝑦𝑘𝑑) connected to bus 𝑘.
𝑛𝑏 represents the total number of buses in the system.

𝑠𝑘𝑡 = 𝑠𝑘𝑑 +
(𝑦𝑘𝑑 )

∗

𝑣2𝑘
, 𝑘 = 1, 2,… , 𝑛𝑏 (12)

3. Backward sweep: The sending end branch flows are calculated
as the sum of the receiving end branch flows and branch losses
by Eq. (13). Power summation is performed starting from the
branch with the biggest index and heading towards the branch
connected to the slack node. Eq. (14) adds the receiving power
at bus 𝑘 to the sending power of the corresponding branch.

𝑠𝑘𝑓 = 𝑠𝑘𝑡 + 𝑧𝑠 ⋅
|

|

|

𝑠𝑘𝑡
𝑣𝑘

|

|

|

2
𝑘 = 𝑛𝑙 , 𝑛𝑙 − 1,… , 2 (13)

𝑠𝑖𝑡,𝑛𝑒𝑤 = 𝑠𝑖𝑡 + 𝑠
𝑘
𝑓 𝑘 = 𝑛𝑙 , 𝑛𝑙 − 1,… , 2 (14)

4. Forward sweep: The receiving end bus voltages are calculated
with known sending power, voltage and series impedance.

𝑣𝑘 = 𝑣𝑖 − 𝑧𝑘𝑠 ⋅
( 𝑠𝑘𝑓
𝑣𝑖

)∗
𝑘 = 2, 3,… , 𝑛𝑙 (15)

5. Compare voltages derived in iteration 𝜈 with the voltages from
iteration 𝜏 − 1 using Eq. (16).

max
𝑖=1,…,𝑛𝑏

=
{

|

|

|

𝑣𝜏𝑖 − 𝑣
𝜏−1
𝑖

|

|

|

}

< 𝜀 (16)

If the difference between the voltage magnitudes is greater
than the specified error limit 𝜀, more iterations are needed and
the process goes back to step 2. In MATPOWER, the default
tolerance is set to be 10−8.

After the runpf function is executed, the discrepancy between the
lows in each direction is used to determine the power losses in the
ystem, by Eq. (17). Here, 𝑖 and 𝑘 represents the nodes at each end of
he branch.

𝑙𝑜𝑠𝑠 = 𝑃 (𝑖→𝑘,𝑡) + 𝑃 (𝑘→𝑖,𝑡) ∀𝑖, 𝑘 ∈ 𝑁 ∀𝑡 ∈ 𝑇 (17)

Fig. 1 illustrates the interactions between the market and power
low model. In short, observe that the market model finds an optimal
olution for day 𝑑, while the load flow is executed for each hour 𝑡
ithin 𝑑. It also includes the extension further described in Section 3.3,
arked with a red square.

.3. Pricing for loss reduction

To pass on the insights of the power flow analysis to the P2P market
ptimisation model, this case incorporated a marked-based price that
educes system losses and hence affect the P2P decisions. The idea was
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o trigger ‘‘grid friendly’’ P2P trading decisions that: (i) still minimises o
rid imports for the whole community based on P2P trading and (ii)
onsiders the effect of losses by penalising an empirical estimate of
hese. To implement this, a linear regression can be determined based
n the loss time series obtained from the previous cases (with the power
low model and analysis described previously, see red square in Fig. 1).

ith this novel approach, a new constraint was included in the market
odel. Accordingly, the losses are computed empirically within the
arket model in a linear regression. These losses are a function of the
ynamics of demand, grid imports (variable in the optimisation model)
nd PV generation. Hence, they will have the coefficients 𝜌, 𝜇 and 𝛾,
espectively which is determined by the regression. Eq. (18) represents
his new constraint applied to the local market model. All parameters
ave the unit of kW.

𝑜𝑠𝑠𝑒𝑠(𝑡) = 𝜌 ⋅
∑

ℎ
𝑑𝑒𝑚(𝑡,ℎ) +𝜇 ⋅

∑

ℎ
𝐺(𝑡,ℎ) + 𝛾 ⋅

∑

ℎ
𝑟𝑒𝑠_𝑝𝑣(𝑡,ℎ) ∀𝑡 ∈ 𝑇 (18)

The overall market model aims to minimise the total community
osts. In order to minimise the system losses, they are thus included
n the objective function, with allocated costs. It is assumed that the
osts should reflect the costs of additional power needed to be imported
rom the wholesale market in order to cover the losses. Accordingly,
he same costs are allocated to the losses as for the grid import. The
pdated objective function is as follows:

𝑖𝑛
∑

ℎ

(

∑

𝑡
(𝑐(𝑡)𝑠𝑝𝑜𝑡 + 𝑐𝑒𝑛) ⋅ (𝐺

(𝑡,ℎ) + 𝐿𝑜𝑠𝑠𝑒𝑠(𝑡)) −
∑

𝑡
𝑐(𝑡)𝑠𝑝𝑜𝑡 ⋅ 𝜓 ⋅ 𝐸(𝑡,ℎ)

)

(19)

. Implementation on a real low-voltage network

The low-voltage distribution grid case is based on data from a
eal grid located at the municipality of Steinkjer in Mid-Norway. The
own and the local grid was subject to a large smart grid project.
his has create rich grid and consumption data which was used in
everal studies [47–49]. The overall system part of the demo project
omprised 856 customers, 32 distribution transformers and a small-
cale hydropower plant [49]. In this study, the low-voltage distribution
rid connected to one of these transformers was chosen. The system is
onnected to the main grid through a 315 kVA distribution transformer.
he voltage magnitude of the external grid, which is considered as the
lack bus was fixed to 1 p.u. equal to 230 V.

Fifty-two end users are connected to the distribution grid, through
6 feeder lines. All these nodes, as well as the bus bars connecting the
eeder lines with the end-user branches, were modelled as PQ buses. In
otal, there are 70 nodes in the system, see Fig. 2 for a full overview of
he case study.

.1. Input data

Demand Profiles: Data sets for the entire area were provided by
aferanlouei et al. [49], including both demand for each house and
echnical grid specifications. These are consumption data from real con-
umers connected to the distribution grid, with a 15 min granularity.
he demand for each node was aggregated to fit a one hour time step
o match the availability of solar data. It is expected that the most
ignificant differences will occur during summer, because of more local
rading due to high PV generation. Hence, a 21 days in the summer of
012 were used. In this period, the average peak demand per customer
as around 2.7 KW.
PV Production Time Series: As the distribution grid is located in

id-Norway, historical PV production time series for this area were
btained from the site renewables.ninja [50]. The site gets, in turn, its
ata set from the NASA MERRA-2 database which contains meteorolog-
cal data for the area from 2019 [51]. As the years of the demand data
nd the PV data did not match, it was chosen to use arbitrary days from
une and July in the PV data, to capture the effects of different degrees
f irradiation. As recommended for the geographical area, a panel tilt

◦
f 45 was used.
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Fig. 2. Single-line diagram of distribution system used in the case studies.
Battery Specifications: We assume that the houses with battery pres-
ence have installed a Tesla Powerwall 2AC, with an upper state-of-
charge level of 13.5 kWh. Both charging and discharging are con-
strained by an inverter of 5 kW nominal power (𝛼∕𝛽), yielding full
charge/discharge within 2.7 h. The charging and discharging efficiency,
𝜂𝐶 and 𝜂𝐷, are both 95%, yielding a round-trip efficiency of 90%.
As the focus of this paper is to analyse the technical impacts of P2P
trading to grid operations, a more detail representation of the batteries
physical characteristics is not strictly necessary and will not affect the
main results. That is, no degradation processes are considered, and all
efficiencies are assumed to be constant (not affected by the battery
state-of-charge level).

Electricity Prices: The market decisions of the P2P model are sen-
sitive on the electricity price. This can be a retail fixed tariff or the
wholesale spot prices. For a fixed retail tariff we use a 0.8 NOK/kWh
based on [52]. As for assuming a wholesale price,1 these prices are
retrieved for the NordPool pricing area NO5, Trondheim (Norway).
Historical time series are openly available at NordPool’s website, and
three weeks corresponding to the demand data, but from 2019, were
used. The grid tariff is determined by the local DSO, which in this case
is Tensio AS. As of 2020, the energy term for households is set to 52.6
øre/kWh [53]. The loss factor 𝜓 used to calculate the FiT is set to reflect
the marginal loss rate of 5% (𝜓 = 95%), used by the same local DSO
during summer [42].

4.2. Case descriptions

To this real-case in Steinkjer, we apply five main cases. Table 3
summarises the cases and here some with the following additional
information:

1 Smart metring is almost ubiquitous in Norway. All consumers have access
to hourly and daily information on their consumption patterns. Smart metring
allows prosumers in Norway to have information on the established feed-in
tariff that follows the wholesale market price (this is a real setup in Norway).
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• Reference Case: Reflects the business as usual setting. Here, there
are no PV panels or batteries installed. Consumers buy their
electricity from the wholesale market or at fixed retail tariff.
This reflects the current situation in most Norwegian low-voltage
distribution grids.

• PV case: This case assumes that most of the houses in the neigh-
bourhood have PV panels installed. The PV size varies as it is
illustrated in Fig. 2. Considering this system setup, two variations
of no local market and P2P market are studied. With no local
market present, each house can cover their demand by generation
from their own PVs or buy from the grid. Each prosumer can also
sell their excess electricity back to the grid, but not directly to
any of its neighbours. While, in the other version related to the
PV case, the neighbourhood peers establish a local P2P market.
The prosumers can sell their additional surplus to the grid.

• Battery Case: Some prosumers with PVs in the previous case have
now a home battery. This mainly applies to houses with high
demand. All the homes assume to have a Tesla Powerwall battery.
Arbitrage operation is allowed. Similar to the PV case, both a
model with no local trading and a P2P market model are studied
for this configuration. The setup will be referred to as the PV +
Battery case.

• Loss Management Case: As introduced in Section 3.3, based on
the results of the PV case simulations (without and with P2P
market), a regression can be estimated to empirically calculate
the losses as a function of grid imports, total system demand,
and solar power production. The regression provides a function
to calculate the losses within the market model and hence create
a penalty or pricing (cost) of losses in the objective function. To be
able to derive a statistically significant linear regression, various
regression models were tested and analysed. The regression model
with losses as the dependent variable is as follows: 𝐿𝑜𝑠𝑠𝑒𝑠 =
𝜌 ⋅𝐷𝐸𝑀𝐴𝑁𝐷 + 𝜇 ⋅ 𝐺𝑅𝐼𝐷 + 𝛾 ⋅ 𝑃𝑉 .
𝐼𝑚𝑝𝑜𝑟𝑡 𝐺𝑒𝑛
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The reported 𝑅22 is quite high and has no significant deviation
from the adjusted 𝑅2. Statistically speaking, this provides high
confidence in the regression accuracy. The 𝑅2 value could perhaps
be improved even further by considering non-linear components
in the model or introduce discrete variables (e.g. peak time).
However, this would make the optimisation model non-linear or
integer. Therefore, it was preferred to have a linear regression
model. All the regression coefficients report being statistically
significant with a 𝑃 -value lower than 0.001. This confirms that
the regression model will provide an almost accurate calculation
of losses. The regression results estimates the following coeffi-
cients: −0.00658 for 𝜌 ⋅ 𝐷𝐸𝑀𝐴𝑁𝐷, 0.0218 for 𝜇 ⋅ 𝐺𝑅𝐼𝐷𝐼𝑚𝑝𝑜𝑟𝑡,
and 0.00537 for 𝛾 ⋅ 𝑃𝑉𝐺𝑒𝑛.

• Sensitivity analysis cases: These are additional cases that test the
sensitivity of the results by introducing the following: (i) test
a retail tariff that removes batteries arbitrage decisions which
changes the P2P trade strategy and hence its grid effect, and (ii)
include EVs patterns instead of batteries to see the effect on the
load curve.

5. Results

The presentation of the results are divided in three main parts. The
first part details the results of the market model. Then, this is followed
with the grid impact results as the second part. Lastly, the third part
showcases the loss management case and the sensitivity cases.

5.1. Market results

5.1.1. Local trading
Fig. 3 presents the total capacity traded through the P2P market

scheme for the two cases of DER integration for each day of the
simulation period. It is clear that with the presence of batteries, the
amount traded within the community is almost twice as much in some
days than without storage opportunities. For both cases, day six yields
the most local trade and is thus chosen as exemplary for the following
comparisons of results. One can also observe from Fig. 3(a) that there
are some days with no local trade in the PV case. This happens in
situations with little solar irradiation where self-sufficiency will be a
priority for the peers, and there is subsequently no local trading. With
batteries available, however, electricity is traded within the community
every day, as can be seen in Fig. 3(b). The batteries allow for price
arbitrage and extend the trading period, thus allowing more peers to
trade locally. It is important to note that by not considering the battery
degradation, these results can be considered optimistic, as degradation
limits the value of storage.

5.1.2. Operational decisions
For the sake of showcasing the different operational decisions of the

nodes, one arbitrary node from each peer category is chosen. Node 2
represents peers with both solar and storage, node 48 represents peers
with PV only, and node 24 represents the pure consumer peers. With
no local market in operation, the only option for pure consumers like
the house located at node 24 is to import from the main grid, as shown
in Fig. 4(a). Considering the P2P trading opportunity provided by the
local market, this house is able to exploit the lower P2P prices to cover
its demand by P2P purchases when possible. With no storage available
in the system (PV case), as can be seen in Fig. 4(b), local trade is only
possible when the PVs are generating electricity. The consumer has
no choice but to import from the grid during night-time. However, in
the PV + Battery case, as Fig. 4(c) illustrates, even with no generation
or flexibility of its own, the consumer located in node 24 participates

2 Regression Statistics: Multiple R: 0.9647, 𝑅2: 0.9306, Adjusted 𝑅2:
0.9283, Standard Error: 0.4760, Observations: 504.
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actively in the local market when given the opportunity. The peer
goes from being a passive price-taker relying solely on wholesale grid
import, to being able to take more active decisions of the origin of its
electricity consumption in order to minimise its electricity bill.

The operation of node 48 with only PVs installed, for both market
schemes and both cases, are illustrated in Fig. 5. For this house, all
surplus from PV generation is exported regardless of market structure.
Comparing the presented schemes, one can observe that the same
capacity is exported from the node, only differing in purpose. When
a local market is present, the peer prioritises to sell its excess power
within the community. Fig. 5(b) illustrates that some export to the
grid between noon and 2 pm, probably due to a saturated local market
when there is no storage in the system. However, integrating storage
to the grid leads to a change in the behaviour of the participants. The
following observations can be figured out about the house connected
to node 48, comparing Fig. 5(a), (b), and (c):

• All surplus is exported in all cases. However, P2P trade is priori-
tised over grid feed-in in Fig. 5(c).

• The peer relies on purchasing electricity from other peers with
charged batteries during the evening and morning when the P2P
market is available, as can be seen in Fig. 5(c).

From Fig. 6, comparing no market and local market structures for
node 2, the following insights emerge about houses with both PV &
storage:

• For both cases, the peer is self-sufficient in times of PV generation
and mostly self-sufficient by battery discharge in the evening and
morning. During the night, the demand is covered by grid import.

• For both cases, surplus electricity is being exported and no PV
generation is curtailed.

• In both cases, the battery is charged by surplus PV generation
during the day.

• When the peer has the opportunity to trade electricity locally, it
prioritises this over grid feed-in.

• For both cases, the peer imports electricity to charge the battery.
With the P2P market, one can observe that the peer prioritises
discharging its battery in order to sell locally, instead of using it
for self-consumption.

• In the case of P2P, in Fig. 6(b), the peer chooses to import
from the grid despite having an excessive PV generation. One
can observe that this is due to an arbitrage operation, where the
imported capacity is used to charge the battery for then to be sold
to other peers at more favourable prices during peak time.

• For both cases, there is a maximum charging of 5 kW to the
battery for a couple of time steps during the night. This indicates
that it is profitable for the peers (community) to procure extra
from the grid during the low price time-slots and save it for
later self-consumption or local trade, even with a 10% loss in the
round-trip charge/discharge of the battery.

5.1.3. Community costs
As the optimisation model aims to minimise the electricity related

costs for the whole community, a lower objective function value indi-
cates a more effective usage of local flexibility assets and P2P trade.
In Table 4 the total community costs for the 21 day simulation period
are presented for each case, and compared with the reference case. The
share of expense and revenue from grid import/export is also given.

As can be noted from the results in Table 4, all cases with inte-
grated DERs lower the total costs with around a third compared to the
reference case. This is a consequence of the community relying less
on centrally generated electricity, due to local production. The savings
of establishing a P2P market is, however, of less eminence. It is also
clear that both cases with P2P market yields a lower dependency on

grid import, as the community is able to utilise the locally generated
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Table 3
Summary of the main cases analysed.

Case Assets Local market Description

Reference No PV
No battery

No market All consumers procure electricity from the retailer or
the grid. It is a business as usual case.

PV PV
(%33 of demand)
No battery

No market PV supplies individual homes. PV surplus or deficit is
traded (feed-in) directly to the grid.

P2P Along with the options available in No market, each
house can trade with the other peers.

PV
+
Battery

PV
(%33 of demand)
Battery
(%51 of PV owners)

No market PV supplies the demand. Surplus or deficit is traded
with the upper grid.

P2P Along with the options available in No market, each
peer can trade with the others.

Loss management PV (%33 of demand)
Battery (%51 of PV
owners)

P2P The P2P model includes the empirically estimated
grid losses function to create a penalty or pricing for
losses in the objective function. All options from PV +
Battery case are available.

Sensitivity analyses PV Case + EVs PV +
Battery under a fixed
local tariff

P2P Here we introduce various sub-cases that include
sensitivity analysis by including: (i) Electrical vehicles
and (ii) a local fixed tariff that creates a different P2P
trade strategy.
Fig. 3. Total amount traded by P2P for (a) PV case (b) PV + Battery case.
Fig. 4. Operation of node 24 day 6 for (a) No local market (b) PV case, P2P (c) PV + Battery case, P2P.
Fig. 5. Operation of node 48 day 6 for (a) No local market (b) PV case, P2P and (c) PV + Battery case, P2P.
8
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Fig. 6. Operation of node 2 day 6 for (a) No local market (b) PV + Battery case, P2P.
Table 4
Comparison of total community costs for each case, given in NOK.

Reference PV PV + Battery

No market P2P No market P2P

Total costs 51,971 36,007 (−30.7%) 34,766 (−33.1%) 35,219 (−32.2%) 34,293 (−34.1%)
Costs no market vs. P2P – – −3.5% – −2.6%
Costs of grid import 51,971 36,695 34,847 35,644 34,303
Revenue of grid export – 687 82 425 10

Total grid import [kWh] 65,236 46,361 44,061 45,442 43,875
Total grid export [kWh] – 2657 356 1622 41
Total P2P trade [kWh] – – 2300 – 5026

Demand by grid 100% 71.1% 67.5% 69.6% 67.2%
Demand by local DERs 0% 28.9% 32.5% 30.4% 32.8%
a
f

electricity in a more efficient manner. As the peers prioritise local
trade over grid export, as seen in the previous section, the amount
exported to the grid in both these cases are significantly lower than
their corresponding cases with no local market.

As the market model does not include the P2P transaction costs,
an exact measure of the economic benefits for each individual peer
is impossible to provide. However, with the assumption that the local
market price always will be between the grid consumption and the grid
feed-in price, some estimations can be made. By using the feed-in tariff
as a lower bound for the P2P price, the consumer located at house 24
saves approximately 8% and 15% by participating in a P2P market with
PVs or PV + Battery, respectively. It should be noted that this is an
optimistic estimation, using the lowest possible P2P price.

5.2. Grid impact results

5.2.1. Voltage profiles without local market
Four nodes have been chosen to illustrate the different impacts on

voltage levels of the case simulations. All four nodes are placed at the
end of its radials.

Fig. 7 shows the voltage levels at the representative nodes for the
sixth day of the simulation with no local market present. Fig. 7(a)
shows the voltage levels for the reference case. Since the nodes are
placed at the end of their respective radials, the voltages are always
lower than 1 p.u. The voltage levels at each of the nodes are relatively
stable for all time steps, with a slight increase at night when the load is
lower. The voltage levels at the representative nodes when PV panels
are installed are presented in Fig. 7(b). As can be expected, the voltages
rise correspondingly with the PV production at the nodes, reaching
a level above 1 p.u. at the peak generation hours. With the PV +
Battery case the load at the corresponding node increases at the time
of charging, since the batteries are allowed to be charged from power
imported from the grid. With the wholesale spot prices being lower
at night, this is a logical choice of charging time for battery owners.
The effects can be seen in Fig. 7(c) with quite significant voltage drops
between 3 and 5 a.m. All charging power is imported from the grid due
9

to no PV generation at this time. l
5.2.2. Voltage profiles with local market
Since all PV surplus is injected to the grid, regardless of the market

structure, the voltage levels in the PV case remains unchanged. But,
in the PV + Battery case, battery charging and discharging along with
opportunity to trade within the community changes the voltage levels.
This can be seen in Fig. 8. It shows some of the same tendencies as
the profile in Fig. 7(c), with significant drops between 3 and 5 a.m.
However, the voltage at each node tends to fluctuate more in the case
of P2P trading. This is especially evident between 6 and 10 p.m., when
the demand is high and PV generation is low.

5.2.3. Peak grid import
As the distribution network must be dimensioned for peak capacity,

this value is of great interest for the local DSO. In Table 5, peak demand
and total grid import is presented for all cases. The values stated for
peak demand represents the neighbourhood’s maximum total demand
for import from the external grid in one time step, via the transformer.
It is clear from the table that the installation of roof-top PVs reduces the
peak demand for both market strategies. The peak value does, however,
increase significantly with the integration of batteries regardless of
market structure. In this model, the battery owners are allowed to
charge their batteries with procured electricity from the grid, not just
their own solar panels. Consequently, at times with low spot prices, and
little PV generation, situations can occur where households consume
power both for their regular demand and for battery charging.

In the reference case, the peak consumption hour happens at 2 pm at
the second day of the simulation period. In Fig. 9, one can observe how
the integration of DERs and storage has shifted the grid import profile
this day. Here, one can clearly see the differences stated in Table 5. The
grid import of the PV case is never higher than the reference case and
matches the reference level during the night. The peak grid import of
the PV + Battery case is, however, shifted to the early morning hours
nd is much higher than the reference case. A similar profile is obtained
or all the other days of simulation.

Fig. 10 shows the duration curve for grid import for all five simu-
ations. In line with the values in Table 5, the peak consumption for
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Fig. 7. Voltage levels at representative nodes for Day 6 of simulation period with no market situation (a) reference case (b) PV case and (c) PV + Battery case.
Table 5
Comparison of peak consumption for each case.

Reference PV PV + Battery

No market P2P No market P2P

Peak grid consumption [kWp] 185.95 160.42 160.42 221.64 221.64
Compared to reference – −13.7% −13.7% +19.2% +19.2%
Total grid consumption [kWh] 65,236 46,361 44,061 45,442 43,875
Compared to reference – −28.9% −32.5% −30.3% −32.7%

Demand by grid 100% 71.1% 67.5% 69.6% 67.2%
Demand by local DERs 0% 28.9% 32.5% 30.4% 32.8%

ig. 8. Voltage levels at representative nodes for the PV + Battery case with P2P
arket. Day 6 of simulation period.

Fig. 9. Illustration of grid import for all five cases for day 2 of simulation period.

he PV + Battery case are the highest. There is, however, not many
ours of the simulation period that requires this high capacity, and both
urves descend quite steeply. Now, one can also observe a difference
etween the trading schemes with the PV case, as the P2P curve is
lightly steeper. For both cases of P2P trading, several hours in the
eriod requires no import from the external grid. This implies that
he community can utilise the local assets more efficiently with a local
arket in place, and is an important finding of this study. This is also

onfirmed by the results in Table 5, with the demand covered by DERs
n percentage.
10
Fig. 10. Duration curve for all five cases.

5.2.4. System losses
An essential motivation for integrating DERs in the distribution

network is the prospect of reducing the total system losses. A focus in
this project was thus to investigate if establishing a P2P market would
further enhance or diminish these positive effects of DERs. Note that
the system losses analysed in the following sections refer to the losses
within the low-voltage distribution network.

The total losses for day 6 for the reference case are depicted in
Fig. 11(a), to illustrate how both integration of DERs and local electric-
ity trading affect the system losses. One can observe that the amount
of losses is higher during the day and lower during the night. This
correlates with the grid usage, as there is higher total demand during
the day and lower at night-time. All other days within the simulation
period show the same tendency.

As the neighbourhood invests in PV panels, the system behaviour
in terms of system losses changes significantly. The total system losses
for the sixth simulation day is presented in Fig. 11(b). Compared to the
reference case, the shape of the curve has an almost opposite tendency,
with high system losses during the night and low during the day.
This correlates with the PV production profile and confirms that self-
consumption from private DERs during production hours is prioritised
among the peers in the absence of storage alternatives. With a higher
degree of self-sufficiency, there is less need for transfer capacity in the
distribution grid and hence fewer losses. One can also observe that
there are no differences between the two market strategies. This is true
for the whole simulation period. Without the opportunity to store any
excess electricity, the only other option than curtailing is to export. The
identical system losses behaviour is a consequence of the power flows
in the system being the same regardless of the trading scheme. The
net load for each house at each time step is the same for both cases,
whether the power flow is due to local or wholesale trading.

When batteries are installed in the neighbourhood, the effect of
the chosen market strategy becomes more evident. As can be observed
from Fig. 11(c), the curve shares some of the same tendencies as with
the PV cases, with a high amount of losses during the night and low
during the day. However, compared to Fig. 11(b), the period with
higher losses in Fig. 11(c) is shorter and the quantity is bigger. As price
arbitrage with the batteries is allowed regardless of market structure,
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Fig. 11. Total system losses, day 6 of simulation period for (a) reference case, (b) PV, and (c) PV + Battery.
Table 6
Comparison of total system and battery losses for each case.

Reference PV PV + Battery

No market P2P No market P2P

Total system losses [kWh] 937.15 517.96 517.96 566.36 644.47
Compared to reference – −44.7% −44.7% −39.6% −31.2%
No market vs. P2P – – 0% – +13.8%

Battery losses [kWh] – – – 581.69 650.70

the increased grid usage causes in both cases higher losses than the PV
cases. Now there is also a distinct difference between the case of P2P
trade and the case with no local market. Due to different operation of
the batteries, the distribution line usage also varies between the cases.
As mentioned before, a peer with batteries will often sell stored energy
locally rather than using it for self-sufficiency, and the grid is thus used
more. Accordingly, this leads to more losses compared to the case with
no local market.

In Table 6, a comparison of the total system losses of all five cases
are presented. These numbers represent the total losses over the entire
simulation period of 21 days. With the high degree of self-sufficiency in
all cases involving DERs, it is clear that the losses decrease significantly
compared to the reference case. Still, for the versions of PV + Battery
case, a P2P market structure leads to 13.8% more losses than with
no local trading. Note that with a 90% round-trip efficiency of the
batteries, the losses induced by charging/discharging is of quite a
significance. These are additional to the total system losses.

5.3. Loss pricing case

In this case, the additional constraint and updated objective func-
tion presented in Sections 3.3 and 4.1 is applied to the model. The case
simulated with this model is the PV + Battery case with P2P trading. As
can be noted from Table 7, the actual losses calculated with the power
flow model output is reduced with 4.7% compared to its corresponding
case without the price signal. The total losses are still more than in the
corresponding case of no market, but the difference between the losses
yielded with a P2P market and no market is reduced by 38.5%.

The total consumption of electricity procured from the grid is almost
the same for both P2P cases, as seen in Table 7. The total commu-
nity costs of the pricing case represents the objective function value
subtracted the costs of losses, and are almost identical to the original
P2P case costs. By percentage, the total costs of losses are small to
the total community costs. There is also a significant decrease in the
total amount traded locally, along with a decrease in losses induced
by the batteries. These results indicate that the community values self-
consumption among the peers over P2P trade with this pricing scheme,
as well as less price arbitrage with the batteries. There is also a slight
increase in grid export, possibly to compensate for the additional costs
induced by the losses.

As the total system losses are included as a variable in this version
of the model, the losses calculated by the regression constraint can also
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be analysed. As can be seen in Table 7, this value is a about 5% higher
than the losses calculated by the power flow model. The value is about
the same as the power flow losses from the P2P case without the pricing
scheme.

Fig. 12 depicts the changes in voltage levels caused by the pricing
scheme. As one can observe, some of the most considerable fluctuations
that occurred in the original P2P case are slightly dampened. The drop
during night-time is, however, unchanged. This is a consequence of less
local trading and an almost unaffected charging behaviour. The peak
demand value remains unchanged, at 221.64 kWp.

5.4. Sensitivity analysis

As the results obtained in this study are likely highly dependent
on both the physical system and the market scheme, some additional
analyses have been conducted. The most significant impacts to the
grid found in the PV + Battery cases are believed to be caused by the
arbitrage operation of the batteries. To eliminate this effect, the varying
price of the electricity purchased from the wholesale power market was
replaced by a flat tariff. This tariff includes the volumetric grid tariff of
0.3 NOK/kWh obtained by Askeland et al. [52] and a constant power
market price of 0.5 NOK/kWh. As [52] also considers a local market
in a Norwegian context, with both PVs and batteries integrated in the
system, these tariffs were considered to be adaptable to the case of this
study as well. The results are presented in Table 8, compared to the
results obtained for the same system with dynamic pricing.

As can be observed, by removing the incentives for arbitrage be-
haviour, the grid losses are reduced by 20.7%. As the batteries are only
used for increasing self-consumption in this case, almost all results are
adjusted to the same level as the PV cases without batteries. Combined
with the significant decline in battery losses, around 93%, this indicates
a limited use of the batteries. It is important to note the arbitrage
behaviour may be limited when considering battery degradation and
thus decrease the difference between these two results.

As a final case study, it was found interesting to investigate the
impact of EV integration. Accordingly, we replaced all batteries with
EVs with a nominal storage capacity of 50 kWh each and a round
trip efficiency of 96% [41]. The EVs are assumed to get charged at
the owners’ houses and are estimated to be available (connected to
the charger) between 18:00 and 08:00 the next day. Also, to take the
impact of the EVs’ uncertain behaviour into account, it is assumed that
their arrival and departure times follow the behaviour presented in [54]
and [55]. Finally, we assume that EVs arrive home with a state of
charge between 40 to 60%, and they should have stored energy at least
by 70 % of their capacity before they depart [41].

The additional burden enforced on the grid by the EVs leads to an
8.7% higher grid import compared to the original P2P PV + Battery
case. The amount exported to the grid is increased by four times and
70% higher P2P trading among the consumers. These results are caused
by the increased capacity of the energy storage through the sizes of the
EV batteries. Also, in comparison to the original cases with batteries,
this storage is not available at all time steps, limiting the window of
opportunity for price optimising behaviour. The resulting peak grid
consumption is thus doubled compared to the PV + Battery case.
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Table 7
Comparison of results for cases of PV+Battery, with and without loss pricing.

PV + Battery without pricing PV + Battery with pricing

No market P2P P2P

Power flow model losses [kWh] 566.36 644.47 614.39
Compared to no market case – +13.8% +8.5%
Compared to P2P case – – −4.7%
Market model losses [kWh] – – 646.12
Battery losses [kWh] 581.69 650.70 615.88

Total grid consumption [kWh] 45,442 43,875 43,890
Total grid export [kWh] 1622 41 63
Total P2P trade [kWh] – 5026 3794

Total costs [NOK] 35,219 34,293 34,327
Total costs of grid import [NOK] 35,644 34,303 34,343
Costs of losses [NOK] – – 502
Fig. 12. Comparison of voltage levels for (a) P2P without loss pricing and (b) P2P with pricing, day 6.
Table 8
Comparison of flat vs. dynamic grid import price.

PV (dynamic) PV + Battery (dynamic) PV + Battery (flat)
P2P P2P P2P

Total system losses [kWh] 517.96 644.47 511.27
Battery losses [kWh] – 650.70 45.38
Peak grid consumption 160.42 221.64 160.42

Total grid consumption [kWh] 44,061 43,875 43,812
Total grid export [kWh] 356 41 63
Total P2P trade [kWh] 2300 5026 2129

Demand by grid 67.5% 67.2% 67.1%
Demand by local DERs 32.5% 32.8% 32.9%
6. Conclusions

The overall results showed that the integration of PVs within the
distribution grid helped to mitigate both peak grid import and total
system losses, with a decrease of respectively 13.7% and 44.7%. The es-
tablishment of a P2P market showed no differences in these results, due
to the physical nature of the system power flows. The total amount of
electricity procured from the wholesale market did, however, decrease
with almost 5% with the P2P market. In this case, the neighbourhood
was even wholly independent from the external grid for 26 h in total
over the 21 day period. This implicates a more efficient use of local
resources and higher resilience of the community.

Accordingly, the same trend was observed when introducing P2P
trade to the PV + Battery case, with 70 h of grid-independent operation.
An uncontrolled charging of the private batteries led to voltage drops
and an increased peak consumption of 19.2% compared to the reference
case. At the same time, the discrepancies in the results caused by the
market design also became more apparent. The window of possible
local trading was extended beyond the PV generation period, thus
inducing more voltage fluctuations and a 13.8% increase of system
losses compared to the case of no local market. Replacing the batteries
with EVs led to further increased losses and voltage fluctuations, as well
as higher peak consumption. These results are mainly caused by the
12

arbitrage operation of the batteries and EVs, proven by testing the same
case without this opportunity. Economically, the P2P cases yielded the
lowest aggregated community costs in total.

A novel approach was introduced to include aggregated system
losses in the market model. A regression was conducted based on the
loss data obtained from the PV case with P2P trading. This resulted in
a constraint and an updated objective function, attempting to minimise
the system losses as a function of total grid import, demand and PV gen-
eration. The overall intention was to reduce the total grid import. The
results confirmed that the approach could affect the peers’ behaviour
according to the grid conditions, and showed a ∼ 5% decrease of system
losses. However, the operational decisions mainly affected the local
trade instead of grid consumption.

The results in this study are likely highly system dependent, as
observed through the sensitivity analyses, both in terms of market
design and system setup. With the market model featuring a centralised
approach, the community’s assets and trade capacity are operated
according to the optimal solution for the entire neighbourhood. This
market structure is reliant on transparency and willingness to share
data, which for many, is a significant barrier for joining the market. The
coordination between the market agents and the DSO, however, may
easier be facilitated with such a market structure with a local market
operator serving as an interface.

P2P market models have gained popularity in academic research
and real-life projects over the recent years, and this paper contributes to
an important aspect of the implementation. As the market is connected
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to a complex power system, it is essential to thoroughly analyse the
effects such behaviour will have on the physical operation of the grid.
Any realistic assessment has to take into consideration the specifica-
tions of the relevant grid and location and characteristics of the DERs
or storage assets installed. As such, the study does not provide a definite
conclusion to the grid impacts of a local market, but creates new
insights and a novel framework for further analyses on the topic.

To complement and extend the results presented in this paper, fur-
ther research should investigate the grid-impacts of other local market
models,3 as well as the more rapid effects such as output transients
caused by, e.g. variations in solar irradiation. Battery degradation
caused by the extensive arbitrage operation should also be examined.
Further, an interesting further step is to develop a closed-loop model,
where new constraints are added to the market optimisation model if
any technical violations are discovered in the load flow analysis.
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Appendix A. Supplementary data

We provide the Market P2P model and code as open science. That
is, the full model is open for download and use. This is publicly avail-
able on GitHub: https://github.com/LocalEnergyMarkets/PCDGModel-
LocalCommunities

There, we provide an illustrative small test case and data for a
community of 25 houses based on open available data (see [56] for full
example and details). This contains the option to download the Matlab
code of the community-based P2P trading under the MIT license.

It is worth noting that the day-ahead transactions of fifty-two end
users connected to the low-voltage distribution grid located in Steinkjer
were calculated in 12.79 s on a MacBook Pro Intel Core i7 Dual-core,
3.3 GHz. The problem was solved by employing the Matlab linprog
function with the Dual-simplex solver.

3 For example, it would be interesting to look at two districts with different
evels of PV and BESS proliferation and served by different substations, how
ould the flow and purchasing/sharing will bring benefits? (intra local market

ase).
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