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A B S T R A C T   

This paper presents a simulation-based methodology for assessing the impact of employing different distribution 
system operator’s remuneration strategies on the economic sustainability of electrical distribution systems. The 
proposed methodology accounts for the uncertainties posed by the integration of distributed electricity gener
ation resources, and the roll out of smart meters. The different remuneration strategies analysed in this paper 
include notably new distribution tariffs based on individual peak power consumption and time-dependent rates 
that are contingent on the time of energy consumption, both requiring smart meters to work. The distributed 
electricity generation resources are modelled through an optimisation framework and an investment decision 
process that gradually deploys household photovoltaic installations depending on their profitability and the 
electricity charges, including the distribution rates. The impact of the distribution system operator’s remuner
ation strategy is measured by an accurate modelling of the remuneration mechanism of this entity, which can 
adapt to various distribution tariff designs. We analyse this impact over a discrete time horizon. Our method
ology is illustrated with several examples of distribution tariffs including old –based on energy consumption or 
on per-connection fees– as well as new –based on power consumption or time-of use fees– designs. Finally, we 
provide a comprehensive sensitivity analysis of the proposed simulation environment to the main parameters of 
the methodology.   

1. Introduction 

One of the central objectives of the energy transition process is to 
progressively shift from fossil fuel-based power generation to low- 
carbon, renewable alternatives [1]. The integration of distributed elec
tricity generation resources (DERs) has been deemed a key enabler of a 
successful energy transition and thereby, DERs are typically promoted 
by means of various incentive mechanisms, which vary from region to 
region [2]. These incentive mechanisms, nonetheless, may sometimes 
have unforeseen and harmful effects on the electricity distribution 
sector, which are difficult to identify a priori. Indeed, since the 

distribution networks are not technically and administratively designed 
to absorb large amounts of distributed generation [3], the incorporation 
of DER may cause both severe technical disruption [4] and regulatory 
challenges [5]. This paper proposes a methodology to test novel regu
latory frameworks promoting the integration of residential DER, usually 
composed of solar photovoltaic (PV) panels and/or batteries, evaluate 
their effectiveness, and identify their shortcomings. More precisely, 
assuming that a constant part of the distribution system operator (DSO) 
costs must be recovered through the distribution charges to distribution 
network users, we investigate how business models exploiting behind- 
the-meter devices to reduce electricity bills may impact on the remu
neration mechanisms of DSOs. 
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Previous studies on the topic suggest that the integration of DERs 
into the distribution networks induce changes in the way in which the 
distribution network is used, challenging its normal operation. Such 
changes, according to [6], are region independent, therefore repre
senting a worldwide dilemma, and raise the question of how to 
distribute the costs in these new distribution systems. The authors of this 
report review the distribution tariff structures of several countries/re
gions,1 and simulate their effects through notional households. The 
authors introduce several notions of fairness, highlighting the impor
tance of finding the right scheme to deter an unfair allocation of dis
tribution costs among final customers, and stressing that the fairness of 
the scheme depends on the interpretation of this concept. Another 
report, this time centred in Australia, discusses distribution tariff re
forms in Victoria’s distribution network [7]. The authors outline 

different tariff options toward distinct objectives, making use of the 
principles of simplicity, efficiency, adaptability, affordability, and eq
uity. Similar principles are suggested in other research articles such as 
[8,9]. The works presented in [10,11] indicate that, under certain reg
ulatory frameworks designing the DSO remuneration strategies, the 
deployment of DER, such as household PV units, may be responsible for 
a non-negligible increase in the distribution component of the overall 
retail price of electricity (the latter typically including energy generation 
costs, transmission costs, distribution costs, and taxes). In particular, 
[10] suggests reviewing tariff designs based on volumetric charges with 
single metering, arguing that these designs are not cost reflective and 
potentially lead to cross-subsidies, proposing bi-directional metering as 
an alternative. To add to the previous, the authors in [11] make the 
comparison of a single metering mechanism (net-metering) with a dual 
one (net-purchasing), advocating the use of the latter in order to create 
more accurate price signals to synchronise consumption and production 
and to avoid cross-subsidisation from consumers to prosumers. 
Furthermore, the authors in [12] show, with empirical data, that in a 
setting where the distribution charges to the consumers are predomi
nantly volumetric (i.e. in €/kWh), an increase in the distribution tariff 
leads to a corresponding increase in household PV deployment. The 
combination of these effects can result in a potentially disrupting phe
nomenon known as the death spiral of the utility. 

This concept is introduced in [13], where it is analysed in depth and 

Notation 

Sets of the MILP 
𝒯 Set of time-steps comprising each year of the optimisation 

with t ∈ {0,…,T − 1}
𝒴 Set of years comprising the optimisation horizon with 

y ∈ {0,…,Y − 1}

Parameters of the MILP 
Q(pv) Deployment costs of PV 
Q(bat) Deployment costs of battery 
P(pv) Scaling costs of PV per kWp installed 
P(bat) Scaling costs of battery per kWh installed 
Πot Sum of energy and transmission costs, and taxes in €/kWh 
Πsp Selling price of electricity surplus for prosumers €/kWh 
Πvol Volumetric term of the distribution tariff €/kWh 
Πcap Power (capacity) term of the distribution tariff €/kWp 
Πfix Fixed term of the distribution tariff €/consumer 
η(− ) Battery charge efficiency 
η(+) Battery discharge efficiency 
F(− ) Battery maximum charge rate 
F(+) Battery maximum discharge rate 
B Battery lifetime in years 
U(c)

t Time-series of consumption 
U(p)

t Time-series of production 
p Maximum PV potential per prosumer 
b Maximum battery potential per prosumer 
r Discount rate 

Decision variables of the MILP 
p PV capacity deployed in kWp 
b Battery capacity deployed in kWh 
χ Investment costs of a single DER installation 
ρ(− )

t Imports of energy of a prosumer 
ρ(+)

t Exports of energy of a prosumer 
ξy Yearly energy consumption of a prosumer in kWh 

γ Peak demand of a prosumer in kWp 
υy Yearly distribution costs 
ψy Yearly transmission and taxes costs 
my Yearly operation and maintenance costs 
ϕy Total yearly costs 
kt PV output of a prosumer in kW 
j(− )
t Energy flow into the battery 
j(+)
t Energy flow out of the battery 

ϖt State of charge of the battery 
ζy Revenue of a prosumer from electricity surplus sales 

Auxiliary variables of the MILP 
τ(pv) Binary variable enforcing the deployment costs of PV 
τ(bat) Binary variable enforcing the deployment costs of battery 
σt Binary variable controlling the status –charging or 

discharging– of the battery 

Additional sets 
ℐ Set of potential prosumers with i ∈ {1,…, I}
𝒩 Set of time-steps of the dynamical system making the 

simulation horizon with n ∈ {0,…,N − 1}
𝒥 n Set potential prosumers at time n where 𝒥 n⊆ℐ

Additional parameters 
α Continuous [0,1] bias of Bernoulli distribution 
Ω Residual demand of the system made of consumers 

Additional variables 
A* Optimal sizing configuration of a prosumer 
LVOE Levelised value of electricity of a prosumer 
Λ Levelised costs of an actual prosumer as though there was 

no DER 
Γ Price ratio between LVOE and Λ 
Ξ Aggregated consumption of prosumers in set ℐ
R Revenue of the DSO 
Δ Economic imbalance of the DSO 
Θ Costs of the DSO  

1 This report ([6]) analyses four European Union Member States: Italy, 
Portugal, Romania, and The Netherlands; one European Economic Area State: 
Norway, and one state outside European jurisdiction: the State of California in 
the US. The distribution tariff schemes in each of these examples is different: 
Italy – energy, power, and fixed components, with an increasing block tariff; 
Portugal – energy and power components, with a time-of-use basis; Romania – 
energy component; The Netherlands – power and fixed components; Norway – 
energy and fixed components; California – energy and fixed components, with 
an increasing block tariff and a time-of-use basis. 
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tentative solutions from the DSO stand point are proposed to mitigate its 
potentially harming effects (e.g., approval of new rate-making practices 
or support for new business models). In another work, [14], the author 
states that an inadequate flat-rate tariff design in Queensland, Australia 
has led to network price increases of 112% owing to a death-spiral- 
related problem. The death spiral takes place in two stages: (1) distri
bution tariffs increase due to the deployment of DER (DSOs struggle to 
recover their costs and must increase the distribution tariffs), and (2) 
higher distribution tariffs induce the proliferation of DER installations 
(or other types of response from final customers to mitigate on their end 
the tariff increase). Should this phenomenon proceed unchecked for 
some time, an uncontrolled increase in distribution tariffs may occur, in 
which the extra financial burden resulting from higher tariffs is mostly 
met by the users who have not deployed DER, and who are thus more 
exposed to price fluctuations, as shown in [11,15]. The latter work 
proposes a stylised framework assessing the costs for consumers and 
prosumers after the deployment of DER installations, in a setting where 
net-metering is employed, quantifying the difference in costs. This dif
ference in costs may result in cross-subsidies from traditional consumers 
to DER owners, as shown in [10,16]. In [16], the authors suggest a 
connection between the self-consumption rate (i.e., the proportion of a 
prosumer’s consumption covered by their own DER installation) and the 
level of cross-subsidies from consumers to prosumers, in a study focused 
on France. A similar observation is made across the Atlantic in [17], 
where different distribution tariff designs in Texas, US, are assessed, 
reporting on their impact on the distribution network as a function of the 
level of cross-subsidisation –proxy for unfairness according to the 
authors– they induce. 

To cope with these problems, several DSO remuneration strategies 
have been proposed and analysed – strategies that better reflect the costs 
of the electricity distribution, and induce electricity rates that serve as 
efficient signals for the users of the distribution network, as explained 
and recommended in [18]. The challenges created by the integration of 
DER are qualitatively analysed in [19], where the authors recommend 
regulatory improvements on the remuneration mechanism of DSOs, 
taking into account the cost-reflectivity principle. In particular, they 
recommend the use of incentive regulation based on price or revenue 
caps rather than rate of return regulation, where DSOs are allowed to 
keep any efficiency gains from efficient DER integration. Other cost- 
reflective strategies are analysed in [20], where the transition from a 
distribution tariff based on average costs to a cost-causation tariff that 
looks into time and location to determine the costs (via e.g., coincident 
peak) is analysed. The authors ultimately show the importance of 
breaking down the different effects a change in distribution tariff may 
induce, to quantitatively understand their foreseeable impacts. Hence, 
quantitatively assessing the effectiveness and potential pitfalls of novel 
DSO remuneration strategies is essential, and simulation-based tech
niques can be invoked to test them in various technological and regu
latory settings. 

We can find several examples in the literature where the authors 
have made use of different simulation-based techniques to attain similar 
goals. The authors in [21] develop an framework to establish the 
remuneration mechanisms of DSOs. Such a framework lays out a global 
remuneration scheme to compute the distribution tariff, which is based 
on a revenue-limitation scheme that considers initial distribution costs, 
annual market increases, and efficiency gains. Several works have made 
use of agent-based modelling to analyse this type of problem. For 
instance, in [22], a simulation approach based on multi-agent modelling 
is developed to analyse the impact of the integration of renewable re
sources (wind in this case) on the efficient use of the transmission system 
in Québec, Canada. Similarly, in [23], a multi-agent-based model is 
developed and applied to study the integration of distributed generation 
units where the agents are the DER installations. This tool is employed to 
help ensure the power system balance control in Hungary. The previous 
two works focus on control problems but show the suitability of these 
frameworks to model renewable resources and, in particular, DER 

integration. In [24], a quantitative approach is presented to assess dis
tribution network performances when presented with incentive-based 
regulation. These performances are measured with and without DERs, 
and serve to guide DSO investments as well as to quantify the impact of 
incentive regulation on these investments. This topic is also dealt with in 
[25], where a method for regulators to find the right incentive scheme 
for distributed generation is exposed. The proposed method is based on a 
multi-objective optimisation problem that provides pareto-optimal so
lutions to the decision to invest in DERs from the investor (maximisation 
of the net present value) and the DSO (maximisation of the net present 
value derived from the provided incentives) perspectives. In [26], an 
active distribution network is simulated by means of multi-agent system- 
based modelling, using cooperative agents representing different 
loading scenarios. A non-cooperative game is proposed in [27], where 
different tariff structures are evaluated, and their impacts on the elec
tricity users are studied. This work is further developed in [28], where 
the authors introduce three types of fee to design the distribution tariff: 
energy, power and fixed; considering prospective, in additional to sunk 
costs, to set the tariff level. In [9], the design of cost-reflective distri
bution tariffs is addressed, introducing a model in which users can react 
to high distribution charges by deploying fix-sized DER installations in 
order to reduce their electricity bills. The impact of regulation on the 
willingness of DSOs to integrate distributed generation is addressed in 
[29], where a method is proposed and applied to different case studies. 
Finally, [30] introduces a stylised set-up where two different metering 
systems (net-metering and net-billing) are analysed in their ability to 
promote the deployment of DER. In the latter work, the impact of such 
metering systems on the consumers in the distribution network and on 
the electricity prices is studied, concluding that the death spiral of the 
utility might be a potential issue, in particular in the net-metering case 
which can be considered as an incentive mechanism on its own. All these 
works deal with simulation-based analysis of the relation between DSO 
remuneration strategies, DER integration, and impact on distribution 
networks. 

Building upon the existing literature, this paper introduces a 
simulation-based computational tool that enables the modelling and 
study of the multi-agent system dynamics resulting from interactions 
between the agents of a distribution network, namely the distribution 
network users and the DSO. At every time-step, agents may either stay 
idle or perform a pre-defined action: the distribution network users can 
deploy optimally sized PV installations with or without batteries aiming 
at minimising their electricity bills, whereas the DSO can adjust the 
distribution tariff in order to collect sufficient revenue so as to break 
even. Hence, the present paper adds to the literature by explicitly 
modelling the action-reaction dynamics of agents under various tariff 
structures, thereby allowing to represent the system evolution over time 
and estimate the short-to-middle-run effects of specific pieces of regu
lation on aforementioned distribution network attributes. 

In the remainder of this paper, Section 2 establishes the concrete 
contributions of our work. Section 3 provides an introductory overview 
of the simulation-based approach. Section 4 details the underpinning 
mathematical models. Section 5 illustrates the methodology considering 
various regulatory frameworks and DSO remuneration strategies, and 
tests the limits of the simulation-based computational tool by intro
ducing an extensive sensitivity analysis of the main parameters of the 
model. Finally, Section 6 concludes the paper. 

2. Contributions 

Our approach adds to the previous works, notably including [30] by:  

• Mathematically formalising a sizing tool which is used to optimally 
size DER installations.  

• Mathematically formalising an investment decision process for 
modelling the adoption and deployment of DER installations based 
on the cost-efficiency and profitability of the installation. 
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• Modelling, in a realistic fashion, the non-linear investment costs of 
deploying DER installations by making use of a continuous piecewise 
approximation which is more accurate than the traditional approach 
whilst being computationally efficient.  

• Mathematically formalising the remuneration mechanism of DSOs 
that determines the economic balance (or imbalance) of the DSO, 
which depends on the distribution tariff and the DSO costs – this 
mechanism must take into account all possible distribution tariff 
structures, i.e. based on units of energy consumed, units of power 
consumed, or type of access point to the distribution network.  

• Introducing the concept of levelised value of electricity (LVOE) as an 
extension of the traditional levelised cost of electricity (LCOE) to 
take into account not only the costs of DER installations, but also 
potential revenue via electricity sales – the LVOE is then used both as 
the objective function of a minimisation problem and as a metric on 
which to report. 

The simulation environment presented in our work requires a tariff 
design as input, which is typically set by the regulator. In previous works 
(such as [30]), these designs were limited to mechanical meters, 
therefore only volumetric and fixed fees were possible. In this paper we 
assume full roll out of smart meters, opening the door to new tariff de
signs. Thus, in addition to the previous, we expand the current literature 
by introducing:  

• Capacity fees by which the DSO charges the users depending on the 
power they draw from the distribution network.  

• Time-of-use (ToU) fees that are time varying, i.e. the costs for the 
users depend on the time of the day. 

We thus provide one single simulation environment which can 
assess, in a realistic fashion, the impact of all the different tariff designs 
(volume, fixed, capacity, ToU) on a detailed investment decision process 
where prosumers are accurately modelled through an optimisation 
framework, taking into account a coherent representation of the DSO 
remuneration mechanism. 

3. Simulation configuration 

The proposed methodology relies on a multi-agent system formal
isation in which the agents (i.e. consumers, potential prosumers, actual 
prosumers, and the DSO) interact with each other within a given set of 
rules characterising a technical and a regulatory framework. Through 
the agents’ interactions over time, the use of the distribution network 
changes, and so does the distribution tariff. Then, by tracking the actions 
of agents across a provided simulation horizon, we can determine tra
jectories of prices over such a horizon. By using this principle utilising 
various starting conditions, we may estimate the different use changes in 
the distribution network those starting conditions induce. 

Each type of agent interacts in a different way:  

• Consumers are passive agents who simply consume electricity from 
the distribution network according to their demand profiles. They 
cannot become prosumers owing to technical or economic con
straints and are modelled through their electricity demand.  

• Potential prosumers are agents who may deploy an optimally sized 
DER installation, turning into actual prosumers; the decision to 
deploy such an installation depends on its cost-efficiency when 
compared to the retail price of electricity. After the comparison is 
computed, a probabilistic investment decision process is laid out to 
determine whether a given potential prosumer becomes an actual 
prosumer.  

• Actual prosumers are passive agents who consume and produce 
electricity from the distribution network according to their demand 
and production profiles. Such profiles are established only when 
potential prosumers become actual prosumers, therefore reflecting 

the after-the-meter consumption or production accounting for the 
deployed DER installations.  

• The DSO manages the distribution network, incurring certain costs in 
this role. Through its remuneration mechanism, the DSO collects 
charges for the use of the distribution network by the three types of 
user (consumers, potential prosumers, and actual prosumers), and is 
entitled to adjust the distribution tariff so that it recovers the totality 
of its costs, breaking-even. 

Through the agents’ interactions over time, it is possible to deter
mine the evolution of the proportions of consumers, potential pro
sumers, and actual prosumers, as well as the evolution of distribution 
tariff and electricity exchanges over a provided simulation horizon. The 
simulation starts with a pool of potential prosumers who may become 
actual prosumers during the simulation, relying less on the distribution 
network. The DSO, expecting to collect a certain level of charges from 
these potential prosumers, in fact collects a different level since the 
consumption behaviour of actual prosumers is different to that of po
tential prosumers. As a result, the DSO may adjust the distribution tariff 
to adapt to the new situation. The full modelling of these agents as well 
as the simulation procedure is detailed in the following section. 

4. Modelling and problem formalisation 

In this section, we present the models used in our simulation-based 
computational tool. We start by describing the set of rules defining the 
technical and regulatory frameworks and then, we formalise the 
different agents and their interaction mechanisms. 

4.1. Rules defining the technical and regulatory frameworks 

These rules define the playing field for agents to interact. A real-life 
playing field includes many rules, which may not all be relevant to our 
modelling. Against this backdrop, we identified and selected a sub-set of 
rules capturing key drivers for DER deployment: tariff design and 
technology costs. 

4.1.1. Tariff design 
This sub-set of rules defines the structure of the distribution costs 

charged to the users of the distribution network. In our work we consider 
that the distribution tariff might be based on volume of energy drawn 
from the grid charged in €/kWh, power drawn charged in €/kWp, or 
connection point charged in €/user. The amount of money charged by 
the DSO for its services over a given billing period is obtained as a 
weighted sum of those fees, whose respective proportions are regulated. 
To design a tariff, it is possible to use any combination of these fees. 

In addition, in our simulation-based approach we introduce ToU 
tariffs by setting different time-dependent price levels. Those levels are 
applied to volume fees. Accordingly, under a ToU tariff, the volume fee 
of the distribution tariff will comprise several sub-fees, depending on the 
time of consumption. 

4.1.2. Technology costs 
This sub-set of rules has an impact on the investment costs of pro

sumers. In our work, we divide these costs in two.  

• Deployment costs are charges that depend on whether the DER 
installation is deployed or not. They represent the costs of installa
tion, including the PV, inverter, and (if any) batteries. 

• Scaling costs are the charges depending on the scale of the instal
lation. We assume these costs to be linearly dependent on the size of 
the installation, therefore on the total deployed capacity of PV and 
battery. 

These are therefore non-linear costs that we model using a piecewise 
linear approximation where the two terms are introduced (see 4.3 for 
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more details). Furthermore, we assume these two components will lin
early decrease over time. This means that the technology will be more 
expensive at the beginning of the simulated period than at the end. In 
this sense, prosumers who deploy DER later in time will pay less for their 
installations. 

4.2. Users 

Users are divided into three groups: (i) consumers, (ii) potential 
prosumers, and (iii) actual prosumers. The consumers group comprises 
users who will not deploy a DER installation due to economic or tech
nical constraints. Their aggregated demand (also known as the residual 
demand of the distribution network) is used in the simulation. We define 
potential prosumers as all the users who may deploy a DER installa
tion, provided that the conditions are favourable. Potential prosumers 
are, initially, consumers importing electricity from the grid to cover 
their demand. Then, as the simulation proceeds over time, the number of 
potential prosumers may decrease as they elect to invest in and pro
gressively deploy optimally sized DER installations, effectively turning 
into actual prosumers. Finally, actual prosumers are able to import and 
export electricity from and into the distribution network. 

To model the interactions of potential and actual prosumers, we 
make use of an optimisation framework. We formulate this optimisation 
as a mixed integer linear problem (MILP) aimed at minimising the lev
elised value of electricity (LVOE) of a DER installation. We introduce the 
concept of LVOE –whose formulation can be found in Section 4.3– as an 
extension of the traditional levelised cost of electricity (LCOE). The 
difference between these two concepts is that whilst the LCOE can only 
account for the costs incurred by the DER installation, the LVOE can take 
into consideration both costs and revenue (for instance revenue ob
tained from electricity sold). Adding the dimension of revenue was not 
needed in the past, where net-metering was predominant, since, with 
this system, the revenue are implicitly taken into account. However, 
with the introduction of other mechanisms such as net-billing, where 
imports and exports are measured separately, the concept of LCOE falls 
short in accurately describing the dynamics of prosumers, being neces
sary to introduce the LVOE to explicitly integrate the revenue. The LCOE 
is therefore computed as costs divided by demand, whereas the LVOE is 
expressed as costs minus revenue divided by demand (in all cases an 
annual discount rate is applied to costs, revenue, and demand). Hence, 
the LVOE provides an indication of the net economic gain of potential 
prosumers, should they become actual prosumers. Moreover, by 
comparing the LVOE with the electricity costs without DER we can 
compute the probabilistic investment decision process of potential 
prosumers becoming actual prosumers. Both the MILP and the invest
ment decision process are presented in the remainder of this section. 

4.3. Optimisation framework formalisation 

For every individual potential prosumer, this optimisation program 
is used to compute the electricity trades (imports and exports), the 
minimised LVOE, and the optimal sizing configuration of the DER 
installation leading to the minimum LVOE. Hence, both sizing and 
operation are optimised under a perfect forecast assumption. The opti
misation horizon is set to Y ∈ N years, where 𝒴 = {0,…,Y − 1} (not to 
be confused with the simulation horizon, which will be presented later 
in Section 4.4). Each year is divided into T time-steps. Let 𝒯 =

{0,…,T − 1}, where T = 8760 represents a time discretisation of one 
year in hours. The MILP requires several parameters as inputs; these 
parameters are constant over the simulation horizon Y since they do not 
evolve from year to year of the optimisation (note that some of them will 
evolve over the simulation horizon, see Section 4.4). Let G denote a 4- 
tuple gathering these inputs: 

G = (P,Π,H,U) ∈ 𝒢, with

𝒢⊂
(
R4

+

)
×
(
R5

+

)
×
(
R5

+

)
×
(
R2

+

)T
,

where:  

• P =
(
Q(pv),Q(bat), P(pv),P(bat)) represent the deployment costs of PV 

(
Q(pv)

)
and batteries 

(
Q(bat)

)
, as well as the scaling costs of PV per 

kWp 
(
P(pv) ) and batteries per kWh 

(
P(bat) ). See Section 4.1.2 for a 

reminder on deployment and scaling costs. 
• Π =

(
Π(ot),Π(sp),Π(vol),Π(cap),Π(fix)) are price signals. Π(ot) is the ag

gregation of energy costs, transmission costs, and taxes, in €/kWh. 
Π(sp) corresponds to the price at which prosumers sell the electricity 
in €/kWh. Π(vol) is the volumetric term of the distribution tariff in 
€/kWh. Π(cap) represents the capacity term of the distribution tariff in 
€/kWp. Π(fix) represents a fixed charge to be paid by every user 
connected to the distribution network, in €. In the case of ToU tariffs, 
Π(vol) and/or Π(cap) will present different levels depending on the time 
of consumption.  

• H = (η(− ), η(+), F(− ), F(+),B) defines the battery parameters. η(− ) is the 
charge efficiency. η(+) is the discharge efficiency. F(− ) represents the 
maximum charge rate. F(+) stands for the maximum discharge rate. 
Finally B is the battery lifetime in years (B > 0). 

• U =
{(

U(c)
t ,U(p)

t
) }T− 1

t=0 is a time-series of pairs representing the po

tential prosumer consumption profile 
(
U(c)

t
)

t=0…T− 1 (in terms of 

hourly energy consumption), and the solar load factor 
(
U(p)

t
)

t=0…T− 1 
(in %), respectively. 

Let 𝒜 =
{
(p, b) : p ∈ [0, p]; b ∈

[
0, b

]}
denote the space of sizing 

variables containing: PV size (p) in kWp, battery size (b) in kWh; with p, 
and b being parameters denoting the upper bounds on PV and battery 
capacities, respectively. Furthermore, let τ(pv) and τ(bat) denote binary 
variables enforcing the deployment costs when either PV or batteries are 
installed. Finally, let χ represent the investment costs of PV and batte
ries, which are linearised by means of a piecewise affine function, and 
are dependent on the sizing variables A ∈ 𝒜. 

χ = p⋅P(pv) +
Y
B

⋅b⋅P(bat) + τ(pv)⋅Q(pv) + τ(bat)⋅Q(bat), (1)  

where the control of the binary variables τ(pv) and τ(bat) is given by: 

p⩽p⋅τ(pv), (2)  

b⩽b⋅τ(bat). (3)  

The yearly costs incurred by a prosumer are represented by ϕy, and 
computed by means of the following equation: 

ϕy = υy + ψy + my ∀y ∈ 𝒴, (4)  

where υy represents the yearly electricity distribution costs, computed 
according to Eq. (5). ψy stands for the yearly costs of electricity not 
related to distribution costs, i.e. transmission and energy costs, 
computed using Eq. (6). my are the costs of operating and maintaining 
the DER installation; these costs are computed as in [31], following Eq. 
(7). 

υy = ξy⋅Π(vol) + γ⋅Π(cap) + Π(fix) ∀y ∈ 𝒴, (5)  

ψy = ξy⋅Π(ot) ∀y ∈ 𝒴, (6)  

my =
1

200
⋅p +

1
100

⋅b ∀y ∈ 𝒴, (7)  

in these equations, ξy and γ represent the yearly consumption and the 
peak demand of a prosumer, respectively. They are computed as follows: 
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ξy =
∑T − 1

t=0
ρ(− )

t ∀y ∈ 𝒴, (8)  

γ = max
{

ρ(− )
t : t = 0,…,T − 1

}
, (9)  

where ρ(− )
t are the hourly imports of a prosumer. To define the energy 

balance we need to define: the exports of electricity ρ(+)
t , the PV output 

of each DER kt (Eq. 10), and the energy flows into and out of the battery 
j(− )
t and j(+)

t respectively (Eqs. (11)–(14)). 

kt = p⋅U(p)
t ∀t ∈ 𝒯 , (10)  

j(− )
t ⩽b⋅

1
F(− )

∀t ∈ 𝒯 , (11)  

j(+)
t ⩽b⋅

1
F(+)

∀t ∈ 𝒯 , (12)  

j(− )
t ⩽b⋅σt ∀t ∈ 𝒯 , (13)  

j(+)
t ⩽b⋅(1 − σt) ∀t ∈ 𝒯 . (14)  

In these equations, σt is a binary variable taking a value of 1 when the 
battery is charging, and 0 if it is discharging. Then, the energy balance is 
given by: 

U(c)
t + ρ(+)

t + j(+)
t = kt + ρ(− )

t + j(− )
t ∀t ∈ 𝒯 . (15)  

The last variable of our model is the state of charge of the battery, ϖt. 

ϖt⩽b ∀t ∈ 𝒯 , (16)  

ϖt =

⎧
⎪⎨

⎪⎩

ϖt− 1 −
j(+)
t

η(+)
+ j(− )

t ⋅η(− ), ∀t ∈ 𝒯 ⧹{0}

0 if t = 0

(17)  

Finally, let LVOE denote the general objective function of the MILP that 
represents the levelised value of electricity. This function will be mini
mised when the MILP is instantiated and solved. It is a mapping from 
(𝒢 × 𝒜) to R. For a given pair (G,A) ∈ (𝒢,𝒜), LVOE(G,A) is defined as 
follows: 

LVOE(G,A) =
χ +

∑Y − 1

y=0

ϕy − ζy
(1+r)y

∑Y− 1

y=0

∑T − 1

t=0
U(c)

t

(1+r)y

, (18)  

where ζy is the revenue of the prosumer from electricity sales, and r is 
the discount rate. By subtracting ζy from the operational costs ϕy, we 
compute the actual value offered by the DER installation (LVOE), 
instead of simply its levelised cost. This term depends on the total 
amount of energy exported to the grid and on the selling price of elec
tricity at which the prosumers can sell the electricity to the grid, as 
expressed in Eq. (19): 

ζy =
∑T − 1

t=0
ρ(+)

t ⋅Π(sp) ∀y ∈ 𝒴. (19)  

From this MILP we extract the values of several variables to be used later 
on. They are the optimal sizing variables p and b; the yearly consumption 
ξy the yearly peak demand γ. 

4.4. Expanding the optimisation framework to multiple time-steps and 
prosumers 

At the heart of the simulation-based approach lies a discrete-time 

dynamical process computing the evolution of a set of indicators. Let n ∈

𝒩 denote the discrete-time variable used to refer to the iterations of this 
dynamical process, where 𝒩 = {0,…,N − 1}, and N ∈ N is the time 
horizon. Furthermore, to represent the diversity of users, we introduce a 
set of I ∈ N potential prosumers, with ℐ = {1,…, I}. At every iteration n, 
each potential prosumer i ∈ ℐ is characterised by a time series of pairs 

Ui,n =
{(

U(d)
i,n,t ,U

(p)
i,n,t

)}T− 1

t=0
. Therefore, at every iteration n, and for every 

user i, we can define: 

Gi,n =
(
Pn,Πi,n,Hn,Ui,n

)
∀(i, n) ∈ ℐ × 𝒩 , (20)  

where Pn and Hn do not depend on i since they refer to technology costs 
and technical characteristics, assumed identical for all users. Conse
quently, we define ̂LVOEGi,n as the minimum value of the objective 
function, subject to the previous constraints: 

̂LVOEGi,n = min
A∈𝒜

s.t.(1)− (19)

LVOE
(
Gi,n,A

)
(21)  

Furthermore, the optimal sizing configuration is written as: 

A*
Gi,n

∈ argmin
A∈𝒜

s.t.(1)− (19)

LVOE
(
Gi,n,A

)
(22)  

4.5. Investment decision process 

From one time-step in the simulation horizon to the next, we 
compute the transition from potential to actual prosumer. For each 
potential prosumer, the ̂LVOEGi,n is compared to the levelised cost 
without DER (denoted by Λi,n). The outcome of this comparison defines 
whether or not a transition occurs. Let 𝒥 n⊆ℐ denote the set of potential 
prosumers at time n. Initially, |𝒥 0| = |ℐ|. Assuming that prosumers 
cannot turn back into consumers, one has ∀n ∈ {0, …, N − 1},
|𝒥 n|⩽|𝒥 n− 1|. Then, the costs Λi,n are calculated as follows: 

Λi,n = Π(ot)
n + Π(vol)

n +
γ(o)i,n ⋅Π(cap)

i,n + Π(fix)
n

∑T− 1

t=0
U(c)

i,n,t

∀(i, n) ∈ 𝒥 n ×𝒩 , (23)  

where γ(o)i,n is the original peak demand of the user. Then, a price ratio Γi,n 

can be computed as: 

Γi,n =
̂LVOEGi,n

Λi,n
∀(i, n) ∈ 𝒥 n ×𝒩 . (24)  

In this last equation, Λi,n is strictly positive provided that the demand of 
the user and the electricity prices are strictly positive. Γi,n will therefore 
adopt a value between 0 and 1, since ̂LVOEGi,n cannot be greater than 
Λi,n, by design of the optimisation problem. To establish whether a 
consumer will decide to deploy a DER installation, we make use of a 
Bernoulli random variable whose parameter pi,n is a function of Γi,n. 

∀(i, n) ∈ 𝒥 n ×𝒩 ∃fi,n : [0, 1] →[0, 1],
pi,n = fi,n

(
Γi,n

) (25)  

For simplicity, in the following we assume that all the previously defined 
mappings fi,n are equal to a unique linear mapping, given by: 

pi,n =
(
α⋅Γi,n : α ∈ [0, 1]

)
∀(i, n) ∈ 𝒥 n ×𝒩 , (26)  

where α is included to model a broad range of investment behaviours, e. 
g. a small value implies a increased tendency to invest. Then, the random 
variable βi,n, that controls the decision of investing or not in a DER 
installation of size A*

Gi,n
, is drawn from the Bernoulli distribution B(1,

pi,n): 
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βi,ñB
(
1, pi,n

)
∀(i, n) ∈ 𝒥 n ×𝒩 . (27)  

Finally, the decision for every potential prosumer is given by: 

θi,n = 1 − βi,n ∀(i, n) ∈ 𝒥 n ×𝒩 , (28)  

with θi,n ∈ {0,1} by definition of the Bernoulli distribution. If θi,n = 1, a 
DER installation of size A*

Gi,n 
is deployed by the agent i. This agent is then 

removed from the set of users 𝒥 n. In this way, when a DER installation of 
size A*

Gi,n 
is deployed, the user i is prevented from investing in the future. 

If θi,n = 0, the DER installation is not deployed, and another opportunity 
will be given to user i at the following step n + 1. The set 𝒥 n+1 can thus 
be computed as follows: 

𝒥 n+1 = 𝒥 n\
{

i : θi,n = 1
}
. (29)  

Modelling the investment decision-making process in such fashion en
sures the deployment of some DER units even when the viability of the 
DER installations lie at the economically feasible limit (for instance 
when the technology costs are high or the retail price of electricity is 
low), representing the behaviour of those users who are eager to invest. 
Likewise, this investment decision-making mechanism will prevent 
some agents from investing even under favourable conditions, repre
senting those agents more reluctant to invest. Also, slightly randomising 
the decision process using a Bernoulli distribution allows to aggregate 
the effect of variables that influence the decision-making process but 
that are not explicitly modelled in this article, such as the access to 
capital for investing in DER, or the interest in renewable energy. 

4.6. Distribution system operator’s remuneration mechanism 

The DSO distributes electricity to the users of the distribution 
network, charging a distribution fee for the service. This fee must be 
sufficiently large so as to collect the revenue that allows the DSO to 
break-even financially. Hence, assigning an adequate level of a distri
bution fee is a delicate process. An under-estimated fee may lead to 
insufficient remuneration, creating an economic imbalance that must 
eventually be socialised via higher rates. On the other hand, an inflated 
tariff may place excessive economic strain on users. Both deviations 
from the optimum are symptoms of an inefficient DSO remuneration 
strategy. To model the interactions of the DSO, we represent its remu
neration mechanism, which includes the adjustment of the distribution 
fee when needed. Note that the tariff design cannot be modified by the 
DSO since it is controlled by the incumbent regulatory authority. 

The remuneration mechanism computes the distribution fee by 
comparing the costs (Θn) and the revenue (Rn) of the DSO in the previous 
tariff period and computing its difference Δn = Θn − Rn. If Δn = 0, it 
means that the distribution tariff level is adequate. However, if Δn > 0 
or Δn < 0, it indicates an under- or over-estimation of the distribution 
fee, respectively. It is important to note that the applied fee is always an 
estimation of the real one, based on forecasts of consumption. In our 
work, we assume that the forecast used by the DSO is a continuation of 
the last observed state of the system. Furthermore, we assume that at the 
initial state, the system is economically balanced, i.e. Δ− 1 = 0 and 
therefore Θ− 1 = R− 1. Hence, the initial costs of the system can be 
calculated by determining the initial revenue. The general expression to 
compute the DSO revenue is: 

Rn =

[
Π(vol)

n ⋅(Ω + Ξn)
]

+

[

Π(cap)
n ⋅

∑(I+I0)

i=1
γi,n

]

+
[
Π(fix)

n ⋅(I + I0)
]

∀n ∈ 𝒩 , (30)  

where Π(vol)
n , Π(cap)

n , and Π(fix)
n represent the volumetric, capacity, and 

fixed fees, respectively, at the nth time-step. I0 stands for the number of 

consumers who make up the residual demand (i.e. non-prosumers). γi,n 

represents the optimised peak demand of the ith user, output of the MILP. 
Ω represents the residual demand of the system, which is an input of the 
simulation and is held constant throughout the entire simulation pro
cess. Finally, Ξn represents the aggregated consumption of the agents in 
ℐ , computed as: 

Ξn =
∑I

i=1
ρ(− )

i,n ∀n ∈ 𝒩 , (31)  

where ρ(− )

i,n represents the optimised imports of the ith potential or actual 
prosumer at the nth time-step, which is an output of the MILP. 

To begin the simulation we need the initial costs (Θ− 1), these are, as 
previously explained, equal to the initial revenue (R− 1). The latter can 
be easily computed by means of Eq. (30), since the demand profiles of 
the potential prosumers and the residual demand are known. Once the 
initial revenue (and therefore the initial costs) of the DSO are computed, 
the remuneration mechanism can distribute them across the different 
types of fees: volumetric, capacity, or fixed, thus obtaining three 
different fees which are applied to the final customers’ electricity bills 
(note that ToU fees are a particular case of volumetric fees). The same 
distribution mechanism is used for computing the initial fees and to 
update them in subsequent time-steps of our discrete-time dynamical 
system. Such a computation is given by the following expressions: 

Π(vol)
n+1 =

[
Θn + Δn

Ω + Ξn

]

⋅μ1 ∀n ∈ 𝒩 , (32)  

Π(cap)
n+1 =

⎡

⎢
⎢
⎢
⎣

Θn + Δn

∑(I+I0)

i=0
γi,n

⎤

⎥
⎥
⎥
⎦

⋅μ2 ∀n ∈ 𝒩 , (33)  

Π(fix)
n+1 =

[
Θn + Δn

I + I0

]

⋅μ3 ∀n ∈ 𝒩 . (34)  

In these equations, μ1,μ2, and μ3 represent the share of the volumetric, 
capacity, and fixed fee, respectively, imposed by the DSO remuneration 
strategy, and thereby by the regulatory framework set by the regulator. 
These shares comply with 

∑3
j=1μj = 1. 

To compute the fees for time-step n = 0, we know Θ− 1 as it equals the 
revenue at this time-step. Furthermore, we know that Δ− 1 = 0. The rest 
of the elements in Eqs. (32)–(34) are given by the profiles of the users, 
which are known. Once the simulation starts, at every time-step n, some 
potential prosumers may turn into actual prosumers, impacting the 
revenue of the DSO and, in particular, Ξn and γi,n. The DSO, in turn, 
reacts by updating the different components of the distribution tariff. 
Finally, since we work under the assumption that the DSO uses its last 
observed state of the system as forecast for the following tariff period, 
the costs at a given period will be the same as the revenue at the previous 
one Θn = Rn− 1. 

4.7. User’s electricity bill 

The electricity bills of the distribution network’s final customers 
depend on their imports and their exports (if any) of electricity. In this 
paper, we assume a full roll out of smart meters, therefore these two 
electricity flows are registered independently by the metering device, 
and have two different price signals associated. 

Imports of electricity: This is the overall price of electricity the final 
customers (consumers and potential and actual prosumers) pay to use 
the network and consume electricity from it. This price includes com
modity, transmission, distribution, and other levies. In this work we are 
interested in the distribution part, therefore, all the other elements 
making up the electricity price are grouped in one element, Π(ot), 
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introduced in Eq. (6) and set in €/kWh. As for the distribution fee, the 
smart meters allow us to split the distribution component of the elec
tricity bill into its constituents: Π(vol), Π(cap), and Π(fix), as in (5). The 
contribution of each element is given by μj (see Eqs. (32)–(34)) and 
depends on the DSO remuneration mechanism. 

Exports of electricity: This is the selling price of the actual prosumers 
when exporting electricity to the grid. It is introduced by Π(sp) in Eq. (19) 
and set in €/kWh. 

5. Test case: simulator demonstration 

To test and illustrate the proposed simulation-based approach, this 
section presents an extensive range of tests showcasing the potential of 
the presented methodology to flexibly simulate a wide range of sce
narios. To create these scenarios, we need: (i) a set of users, and (ii) a set 
of rules representing a regulatory framework (designing the DSO 
remuneration strategy). Then, by using the same set of users for different 
remuneration strategies, we can analyse the impact of the latter on 
different features inherent to distribution networks, notably the distri
bution network prices and the level of penetration of distributed gen
eration in the distribution network. 

Set of users: 
Users are characterised by individual demand and production pro

files. A bottom-up approach, the CREST model [32], was used to 
generate demand profiles. Using the CREST model we produced a range 
of daily profiles representing weekends and weekdays and then, by 
means of a randomisation process, different demand profiles spanning 
one year and with a resolution of one hour, were generated. As for the 
production profiles, they were generated with the same time span and 
resolution (one year and one hour, respectively), representing the po
tential for PV generation of prosumers. To do so, the Python library 
PVLIB [33] was used. The profiles thus produced are based on solar 
radiation historical data, obtained through typical meteorological years 
(tmy), which were downloaded from the Joint Research Centre of the 
European Commission.2 From a range of different tmy, and making 
variations on the tilt and orientation of the PV panels (parameters of 
PVLIB), different profiles were generated. These profiles represent the 
load factor, i.e. percentage of the total installed capacity that is pro
duced at each time-step. 

In total, 1,000 demand and production profiles were generated, to 
represent 1,000 potential prosumers. In addition to them, 5,000 con
sumers were created for whom only the aggregated yearly demand is 
needed as they make up what we call residual demand of the system. 
Both groups of customers (consumers and prosumers) have been created 
according to the Belgian reality, that is, the profiles are consistent with 
electricity consumption and solar radiation in Belgium. The proportion 
prosumers/consumers is selected so as to reflect the real-life situation in 
Belgium, as described in [34]. 

Set of rules of a regulatory framework 
Two groups of scenarios are proposed:  

• Simulation-based approach capabilities: First we generate several 
scenarios showcasing the capabilities of the proposed simulation- 
based approach to compute a prediction of the evolution of distri
bution network features (distribution prices and penetration of DER). 
These scenarios represent various DSO remuneration strategies.  

• Sensitivity analyses: Then, the sensitivity of our approach to 
several parameters is tested, reporting on the impacts these param
eters have on the simulation-based approach capabilities to predict 
the distribution network development. 

5.1. Simulation-based approach capabilities 

In this part of the simulation results, we test seven scenarios 
mimicking different initial conditions set by the regulator. Accordingly, 
we can introduce different values of μj for each scenario. These values 
will impact on the evolution of the different elements of the distribution 
tariff, as described by Eqs. (32)–(34). In these equations, all the variables 
are known. Therefore, to start the simulations we only need an initial 
state, i.e. the initial costs of the system (by assumption equal to the 
initial revenue Θ− 1 = R− 1). To compute the initial revenue, in this 
example we use the current situation in Belgium, where the distribution 
fee is based on a volumetric tariff which, on average, amounts to 0.08 
€/kWh (i.e. Π(vol)

− 1 = 0.08, Π(cap)
− 1 = 0, Π(fix)

− 1 = 0) and determine R− 1 as 
expressed in Eq. (30). Since this initial revenue must be the same 
regardless of the scenario we want to test, we can break it down for 
different initial states representing different distributions of volume, 
capacity, and fixed fees (i.e. different scenarios), using Eqs. (32)–(34). 
Using this procedure, we have built seven scenarios, showcasing a range 
of different possible tariff designs. Along with these, one additional 
scenario has been created to test the impact of ToU distribution tariffs 
based on volumetric fees. All these scenarios are listed in Table 1. 

Finally, Table 2 lists the rest of the inputs used to run the scenarios. 
To assess each scenario, we use three metrics: (i) the penetration of 
actual prosumers relative to the maximum potential; (ii) the evolution of 
the electricity costs for consumers and prosumers; and (iii) the actual 
deployed PV and battery capacities (in kWp and kWh respectively). 

5.1.1. Results 
To quantitatively show the evolution of the penetration of actual 

prosumers over time, Fig. 1 presents the percentage of actual prosumers 
with respect to the maximum potential, for each time-step of the 

dynamical system. Furthermore, to show the evolution of the distribu
tion tariff, driven by Eqs. (32)–(34), we compute the total electricity 
costs for consumers, which depict the same evolution as only the dis
tribution component of the overall retail electricity tariff can change 

Table 1 
Construction of the different scenarios.  

Scenario Description μ1  μ2  μ3       

VOL Based on fully 
volumetric distribution 
fees 

1 0 0      

CAP Based on fully capacity 
distribution fees 

0 1 0      

FIX Based on fully fixed 
fees, per connection 
point 

0 0 1      

VOL_CAP Based 50% on volume 
and 50% on capacity 
fees 

1/2  1/2  0      

VOL_FIX Based 50% on volume 
and 50% on fixed fees 

1/2  0 1/2       

CAP_FIX Based 50% on capacity 
and 50% on fixed fees 

0 1/2  1/2       

EVEN Based on a even 
distribution of the 
weights 

1/3  1/3  1/3       

TOU Time-of-use tariff* 1 0 0       

* The ToU distribution tariff is created by using a fully volumetric fee such as 
VOL, where different levels of the fee are applied depending on the time of the 
day. In our particular example, three different levels are applied corresponding 
to peak rates, off-peak rates, and shoulder rates. 

2 Joint Research Centre photovoltaic geographical information system 
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#TMY. 
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over time.3 We compute these costs at each time-step and normalise 
them by the initial costs t = 0, displaying the evolution in Fig. 2. 

On the one hand these plots show the effectiveness of each scenario 
to stimulate the adoption of PV and batteries (i.e. of prosumers), and on 
the other hand the repercussions of such a deployment in terms of 
electricity costs for the regular consumers of the distribution network. In 
these examples, all the scenarios with the exception of the one based on 
only fixed fees (FIX), lead to increased electricity costs. However, the 
information in these plots is incomplete, since they do not provide any 
details on the actual amount of PV and batteries deployed by prosumers. 
Fig. 3 shows the total accumulated installed capacity of PV and batteries 
for each scenario. This information adds to that previously provided by 
including details of the composition of the prosumers’ installations. 

Finally, Table 3 shows the annual electricity costs for an average 
consumer and an average prosumer at the end of the simulated period (i. 
e. at time-step 10). This provides the actual value in € consumers and 
prosumers pay to cover their electricity needs for each scenario. 

We can extract a few general remarks from Figs. 1–3, and from 
Table 3.  

• Tariff structures prominently based on volumetric fees induce a very 
significant deployment of PV panels and batteries (mainly the 
former) as well as rapid transition from potential to actual prosumer. 
This deployment is followed by a large growth of the overall elec
tricity costs for consumers. Moreover, these tariffs lead to substantial 
exports from prosumers’ DER installations to the distribution 
network, owing to larger PV capacities. In addition, these tariff 
structures lead to substantial inequalities in the electricity costs, in 
particular when no other component is added to the tariff (i.e., fully 
volumetric structures such as VOL and TOU) – in these cases the 
economic burden of maintaining the DSO is mostly carried by 
consumers.  

• When the tariff design is weighted toward capacity fees, the 
deployment of PV panels and batteries is also spurred, although to a 
lesser extent and inclines the balance toward more batteries this 
time. However, the induced increase in electricity costs is larger than 
in the previous case. The bias of these scenarios toward using bat
teries is explained by the ability of actual prosumers to shave their 
peaks (γ in Eq. (5)) thus paying less in capacity fees. This is consistent 
with the findings in [35]. Moreover, tariffs based on these fees tend 
to import more electricity than export it – this electricity is stored in 
the larger batteries to shave the peak demand. Regarding the cost 
distribution shown in Table 3, these types of tariff result in highly 
unequal distributions, similar to those observed with volumetric 
fees, where the financial burden of the DSO is born by consumers.  

• Adding a fixed term helps reduce the impact on the electricity costs 
for consumers in either volumetric or capacity fees. However, using 
purely fixed fees does not seem to promote the deployment of PV 
panels and batteries, in particular the latter. Balancing several part 
tariffs results in a trade-off that must be carefully studied as sug
gested in [14], falling outwith the scope of our work.  

• Using ToU tariffs creates the more extreme outcome – the quickest 
transition from potential to actual prosumers among all assessed 
scenarios is only followed by the largest increase in electricity costs 
for consumers. The incentive to install PV panels is the second largest 
(after VOL), whereas the incentive to install batteries is the largest 
one. These results are explained by the possibility of actual pro
sumers benefiting from both PV panels to limit their exposure to the 
volumetric fees and batteries to shift load from peak and off-peak to 

Table 2 
General inputs of the multi-agent model.  

Parameter Value Units 

P(pv)*  1,200 [€/kWp] 

Q(pv)*  500 [€] 

P(bat)*  200 [€/kWh] 

Q(bat)*  200 [€] 

Π(ot)
n  0.132 [€/kWh] 

η(− ) 0.95 [%] 

η(+) 0.95 [%] 

F(− ) 2.5 [–] 

F(+) 4 [–] 

B 8 [years] 
p  10 [kWp] 

b  30 [kWh] 

α  1 [–] 
Y 20 [years] 
r 0.02 [%] 
Ω  85% of total load [kWh] 
I 1,000 [#]  

* Prices at time n = 0, they linearly decrease over time by 
5% each tariff period. 

Fig. 1. Penetration of DER in the distribution network as a proportion of the 
total potential penetration over time. 

Fig. 2. Growth of the overall electricity cost for consumers over time.  

3 Note that for this calculation only consumers are used and not prosumers. 
The reason for this is that the total electricity costs of prosumers depend on 
their DER installations as well as on the distribution tariff, and consequently the 
evolution described by these total costs is not equal to the one described by the 
distribution tariff alone. Therefore, as our only interest is to show the evolution 
of the distribution tariff, prosumers can be left out from this computation. 
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shoulder hours (ρ(− )
t in Eq. (8)). In a similar way as with volumetric 

fees, ToU fees lead to more exports than imports. However, in this 
case, the spread between both is smaller, since the electricity surplus 
with ToU tariffs can be stored in the batteries to shift demand. 

5.1.2. Discussion 
These analyses show that different initial conditions, notably 

including various tariff structures, induce vastly different outputs that 
can be quantitatively assessed. The presented simulation environment 
can be used to discriminate between the possible outcomes of employing 
distinct tariff structures. It may therefore be valuable for assessing a 
distribution tariff structure before putting it in force. 

Extracting meaningful conclusions with this tool necessitates a pre
vious tuning phase where the various parameters of the simulation- 
based approach (e.g. α, prices, bounds p and b) must be adapted to the 
particular context that one wants to simulate. In this regard, in [34] this 
simulation-based approach is employed to simulate a distribution 
network with the characteristics inherent to the Walloon region of 
Belgium, providing policy recommendations for this particular case. 

Although the example provided in this section does not correspond to 
any particular context (i.e., no previous tuning phase has been per
formed to adapt the simulation-based approach to any particular case), 
there are a few general observations that can be drawn. In sensitivity, 
these observations are based on the principles for distribution tariff 
design, as presented in [8,9].  

• Distribution tariff designs based on volumetric fees (totally or 
partially) promote the largest adoptions of PV panels and batteries; 
however, they lead to the largest inequalities between consumers 
and prosumers. On the one hand, their implementation is straight 

forward, complying with the principles of transparency, simplicity, 
and predictability. On the other hand, they distort the decisions 
concerning the use of the network, they are not cost reflective (in fact 
prosumers, who use the network more, end up paying significantly 
less than consumers), resulting in discrimination among the users 
where not all of them pay the same for the same service, leading to 
cross-subsidies from consumers to prosumers.  

• Capacity charges lead to high battery deployment and relatively high 
PV panel adoption. However, as with volumetric charges, the eco
nomic inequalities between consumers and prosumers are substan
tial. In terms of the tariff design principles, capacity charges are not 
as predictable, transparent and simple as volumetric ones, and 
moreover they induce distortion and discrimination among the 
network users. Finally their cost-reflectivity in already developed 
distribution networks is questionable, as typically network costs are 
sunk.  

• Fixed fees comply with most of the principles of tariff design (non- 
distorting, non-discriminatory, transparent, predictable and simple). 
However, they do not promote the adoption of DER installations, 
which has been a high-level goal of all energy policies over the last 
few years (see for instance [36]).  

• Applying ToU charges on top of volumetric ones results in the largest 
battery deployment and the second-largest PV panel deployment 
leading to the highest cost different between consumers and pro
sumers where the former pay substantially more than the latter for 
their network use (cross-subsidies). This type of charges is trans
parent, predictable and relatively simple, although, as volumetric 
ones, they are not cost-reflective and they may distort and discrim
inate among users.  

• Tariffs based on a mix between different types of charge result in a 
trade-off between promoting PV panels and battery adoption, 
distributing the costs among the users in a more equal fashion, and 
complying with some of the principles of distribution tariff design. 

These remarks confirm that selecting the tariff design is not a trivial 
process, where no perfect tariff exists. In general, applying fully volu
metric, capacity, or fixed fees does not seem to yield the most adequate 
results where either DERs are not promoted, or they are promoted but 
the costs for it are mostly born by consumers instead of prosumers (who 
generate most of them), leading to cross-subsidies. A solution could be to 
resort to designs where all these components are present. In these cases, 
a middle-ground target can be achieved, promoting some DER adoption 
whilst maintaining a relative level playing field for consumers and 
prosumers. Overall, promoting DER has a cost associated, and it is the 

Fig. 3. Total capacity of installed PV capacity (blue), total capacity of installed battery (red), total imports from the distribution network (green), and total exports to 
the distribution network (yellow) at the end of the simulation period. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 3 
Annual electricity costs for an average consumer and an average actual pro
sumer at the end of the simulated period.  

Scenario Annual consumer costs [€] Annual prosumer costs [€] 

VOL 1,514.52 1,063.21 
CAP 1,491.59 1,008.10 
FIX 1,317.79 1,235.72 
VOL_CAP 1,487.72 1,043.81 
VOL_FIX 1,378.31 1,149.53 
CAP_FIX 1,384.60 1,139.22 
EVEN 1,415.09 1,112.93 
TOU 1,624.50 1,085.86  
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decision of regulators and policy makers to choose how to cover it. 

5.2. Sensitivity analyses 

In this section, the sensitivity of the proposed simulation-based 
approach to several parameters is tested. In particular, we perform 
sensitivity analyses on the α parameter, the selling price of electricity for 
prosumers (sp), and the prices of PV panels and batteries (tp). For these 
analyses we use the same basic data listed in Table 2, only modifying the 
parameter we wish to study. 

5.2.1. Sensitivity to α 
The first of the analyses presented in this section corresponds to the 

sensitivity to the α parameter. As explained in Section 4.5, this param
eter controls the speed at which the DERs are deployed by potential 
prosumers. It works by biasing the p parameter of a Bernoulli random 
variable (i.e. the probability of drawing a 0 or a 1). This p parameter is 
computed as the difference between the LVOE of a DER installation and 
the electricity costs the potential prosumer would otherwise face 
without the DER installation. We further develop this definition intro
ducing the α parameter which we multiply by the cost difference (see Eq. 
(26)). Since the investment decision is inverted (see Eq. (28)), a low 
value of α fosters the deployment of DER whilst a high value limits it. 

As we can observe in Figs. 4 and 5 and Table 4, the lower the α, the 
greater the deployment of DER. This greater DER penetration, in turn, 
results in a higher increase of the overall electricity cost of traditional 
consumers. When looking at the total PV capacity and battery capacity 
deployed, it can be noted that for low values of α the resulting total 
capacity is lower than for values close to 1. This is explained by the fact 
that, since the DER installations need to be more profitable when α = 1 
than when α = 0.6 to be deployed (i.e to draw a 0 in the Bernoulli 
random variable), only large and profitable installations will be 
deployed. This behaviour results apparent when α > 1. However, since 
in those cases the simulator does not reach 100% of DER deployment, 
the total DER capacity at the end of the simulation horizon is lower than 
for α = 1. A longer simulation horizon will prove those scenarios to 

present the largest total deployment of PV panels and batteries. This 
parameter presents an enormous variability in the outcome. This is why, 
before making use of the proposed simulation-based approach, it is key 
to tune this parameter to adapt it to the conditions of the distribution 
network it aims to simulate, as done in [34]. 

5.2.2. Sensitivity to the selling price 
The second analysis tests the sensitivity of the model to the selling 

price of electricity of prosumers. These users primarily use their local 
electricity production to meet their demand, however, when there is 
more production than demand, they can sell this surplus to the distri
bution network. Modifying the selling price has therefore the potential 
to affect the behaviour of those users as the value associated to their 
electricity exports changes. 

From Fig. 6 we can observe that higher selling prices lead to greater 
DER adoption and, in turn, to an overall increase in electricity costs, as 

Fig. 4. Sensitivity of DER deployment to α.  

Fig. 5. Sensitivity of electricity costs for consumers to α.  

Table 4 
Sensitivity of PV- and battery-installed capacity to α.   

α = 0.6  α = 0.7  α = 0.8  α = 0.9  α = 1.0  α = 1.1  α = 1.2  α = 1.3  α = 1.4  

Total PV capacity [kWp] 6,071.4 6,374.6 6,738.7 7,124.9 7,673.1 7,456.1 6,506.9 4,688.2 2,460.0 
Total battery [kWh] 6,379.8 6,571.9 6,828.7 7,009.1 7,295.6 6,833.6 5,713.4 4,061.8 2,161.2  

Fig. 6. Sensitivity of DER deployment to the selling price (in c€).  
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shown in Fig. 7. From the total deployed capacity of PV and batteries 
(Table 5), it can be deduced that the greater the selling price, the larger 
the PV installation. This relation, nonetheless, is the opposite in the case 
of batteries, where a higher selling price leads to lower battery adoption. 
These effects are a result of the business model of these two behind-the- 
meter devices. A greater PV capacity results in a larger production 
surplus that can be sold to the network and, therefore, a higher selling 
price will spur larger PV installations with substantial production sur
pluses. Larger PV installations will in turn require fewer batteries to 
operate, since they will produce sufficient electricity to cover the pro
sumers’ demand, even at times where there is a limited solar avail
ability. Even though the selling price clearly imposes some changes in 
the adoption rate of PV and batteries, these changes are less significant 
than in our first analysis. The selection of this parameter is easier than 
the other two (α and technology price) for it should reflect the regulation 
in place. 

5.2.3. Sensitivity to the technology price 
The last of the introduced analyses deals with the sensitivity to the 

technology price. To carry out this assessment, as the starting point we 
take the technology costs (PV and battery) listed in Table 2. We then 
multiply them by a factor to increase or decrease the initial technology 
costs, analysing the sensitivity to different factors (costs), as shown in 
Table 6. Note that these are the initial technology costs, which then 
decrease by 5% every year. 

In Figs. 8 and 9, a linear relation can be seen between technology 
price and adoption rate of PV and batteries. Unsurprisingly, the higher 
the price the lower the penetration of actual prosumers and, as such, the 
lower the impact on overall electricity costs. On the other hand, the 
lower the technology price, the faster and larger the deployment of DER 
installations. As expected, this parameter has a strong influence on the 
shape of the trend curves – it is therefore crucial to find the right level of 
technology prices. 

6. Conclusion 

This paper formalises and builds a framework based on a simulation- 
based approach to assess the impact of a wide range of DSO remuner
ation strategies on the economic sustainability of the distribution 
network. The potential of this simulation-based approach lies in its 
ability to accurately discriminate between the possible outcomes of 
employing distinct remuneration strategies in order to provide sound 
arguments that underpin the selection of one of them. It therefore serves 
as guidance for policy makers and regulators to build new remuneration 
strategies for DSOs, aiming to achieve certain specific objectives (e.g. 
promote the adoption of renewable distributed generation). By means of 
this simulation-based approach they can compare the strengths and 
drawbacks of distinct options before applying them in real life. The 
proposed simulation environment contributes to the existing literature 
by:  

• Providing the mathematical formalisation of a simulation-based 
approach based on a dynamical system and on an optimisation 
framework that progressively deploys DER installations over time 
and, as a result, adapt the distribution network charges to make sure 
any imbalance of the DSO is corrected. 

• Encapsulating all the most commonly used DSO remuneration stra
tegies –(i) volumetric fees based on energy consumed, (ii) capacity 
fees based on power withdrawn, (iii) fixed fees based on the avail
ability of a connection point, and (iv) time-of-use fees that depend on 
the time of energy consumption– in the developed mathematical 
formalisation of the simulation-based approach. 

• Providing a computational tool encoding such a mathematical for
malisation to help policy makers and regulators decide which DSO 
remuneration strategy to employ according to a specific target.4 

The simulation-based approach presented in this paper is formulated 
to be sufficiently generic so that it can adapt to any context (i.e. any 
distribution network) with ease by tuning certain parameters as, for 
instance, the Bernoulli bias α, or the technology costs. This means that 
before being used, this tool must be tuned so as to match the distribution 

Fig. 7. Sensitivity of electricity costs for consumers to the selling price (in c€).  

Table 5 
Sensitivity of PV- and battery-installed capacity to the selling price (in c€).   

sp = 4 sp = 5 sp = 6 sp = 7 sp = 8 sp = 9 sp = 10 

Total PV capacity [kWp] 7,712.4 8,961.0 9,748.5 9,928.5 9,970.0 9,970.0 9,970.0 
Total battery [kWh] 7,339.0 7,484.4 7,442.9 7,384.4 7,293.4 7,217.9 7,204.4  

Table 6 
Sensitivity of PV- and battery-installed capacity to the technology price. Note that the shown percentages are relative to the prices used for the first simulation.   

tp = 70% tp = 80% tp = 90% tp = 100% tp = 110% tp = 120% tp = 130% 

Total PV capacity [kWp] 9,942.0 9,436.6 8,502.8 7,541.1 6,584.7 5,751.9 4,225.1 
Total battery [kWh] 8,857.0 8,383.7 7,847.4 7,187.2 6,409.5 5,417.4 3,925.5  

4 A computational tool encoding the proposed simulation based approach can 
be found in https://github.com/manueldevillena/tariff_simulator. 
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network where the experiments are to be run. 
The presented approach has been extensively tested with a case study 

featuring eight different scenarios which illustrate the various options of 
the proposed simulation environment to guide future developments in 
distribution network tariff structures. This test case shows how pro
sumers’ choices vary from one remuneration strategy to another, sug
gesting that it is valuable to check by simulation that a remuneration 
strategy yields the desired outcome. Although this test case does not 
intend to offer insights regarding any particular distribution network (i. 
e. the parameters are set by default), it does provide some guidance on 
how to design the remuneration strategy of a DSO:  

• Strategies based on volumetric fees (including time-of-use) offer the 
best incentive for PV panel and battery deployment. However, this 
leads to the highest inequalities between consumers and prosumers 
in terms of electricity costs and, thereby, to cross-subsidies from the 
former to the latter.  

• Strategies based on capacity fees promote the integration of storage 
devices as they take action to limit the peak of consumption of 
prosumers, leading once again to a cost distribution between 

consumers and prosumers where the former bear most of the 
network costs.  

• Strategies based on fixed fees significantly limit the incentives for 
DER deployment (PV or battery), therefore they hardly show any 
impact on the distribution of grid costs. 

Furthermore, the sensitivity of the model to several input parameters 
–the Bernoulli bias α, the selling price of electricity for prosumers, and 
the technology price– has been reported, showing that the trends remain 
constant when applying different values to the parameters, only 
changing in the rate at which DER installations are deployed and elec
tricity prices increase. 

This paper has focused on the regulatory challenges induced by the 
deployment of distributed power generation, but future works may 
include modelling physical constraints induced by the distribution 
network, such as over-voltages or new uses for electricity. Another 
dimension where this work can be expanded is the possibility of intro
ducing changes in the topology of the network. These changes may aim 
to introduce future investments in infrastructure depending on the 
amount of DER installations deployed within the distribution network. 
Finally, introducing limits on imports and exports from prosumers can 
be considered in a future expansion of this framework, thus limiting PV 
deployment in an even more realistic fashion. 
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[18] Pérez-Arriaga I, Knittel C, et al., Utility of the future, Tech. rep., Massachusetts 
Institute of Technology, MIT Energy Initiative, Cambridge, MA, USA; 2016. 

Fig. 9. Sensitivity of electricity costs for consumers to the technology price (the 
numbers indicate the value by which the initial PV and battery prices from 
Table 2 are multiplied). 

Fig. 8. Sensitivity of DER deployment to the technology price (the numbers 
indicate the value by which the initial PV and battery prices from Table 2 
are multiplied). 

M. Manuel de Villena et al.                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0142-0615(20)32154-2/h0005
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0010
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0010
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0015
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0015
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0015
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0020
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0020
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0020
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0025
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0025
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0025
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0025
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0045
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0045
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0050
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0050
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0050
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0055
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0055
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0060
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0060
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0065
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0065
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0070
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0070
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0080
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0080
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0085
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0085
http://refhub.elsevier.com/S0142-0615(20)32154-2/h0085


International Journal of Electrical Power and Energy Systems 126 (2021) 106585

14
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