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Abstract—Prosumers’ deployment of distributed energy re- [ Set of lines.
sources (DER) is shaped by market incentives and budget con- A/ Set of nodes.
straints. Effective DER integration can reduce the long-term need . :
for distribution network infrastructure, thereby diminishing over- K Set of hyp P l'anes to approximate P-Q feasible area of
all electricity costs. Nevertheless, it may negatively impact cost transmission lines.
allocation among users from different socioeconomic backgrounds. A Annuity of residential PV panels of user i $/kW-yr.

To analyze the efficiency and distributional aspects of DER deploy- D;‘}t Static active demand of user 7 at time ¢t kW].

ment across different socioeconomic groups, this study employs a R : : ; :

novel equilibrium model based on Stackelberg games. The model Dg’t Static reactive danaHd of user i a.t tlme £ [kVAr].
simulates interactions between a proactive low-voltage distribution it Solar PV generation rate of user i at time ¢ [p.u.].
network planner and prosumers who may invest in photovoltaic 7+ BESS usage rate of user ¢ at time ¢ [p.u.].
systems and batteries. Prosumers aim to minimize expenses based [, Budget to invest in DER assets of user ¢ [$].

on tariffs, without knowledge of their peers’ decisions. Due to the A, Annuity of line I [$/kW-km-yr].

non-linearities introduced by the tariff structure, a Gauss-Seidel R
algorithm is employed to reduce model complexity. The study ! .
examines six tariff combinations, revealing that cost allocation X!  Reactance of line [ [€2].

varies significantly depending on the tariff design. In this regard, [,; Matrix indicating if line [ enters to node n {1,0}.

the results show the risks associated with certain tariff designs, (O, ; Matrix indicating if line [ departs from node n {1,0}.
including potential losses in efficiency or unfair cost allocation. N, Matrix indicating if user i belongs to node n {1,0}.
Likewise, the results highlight the value of cost-reflective tariffs CA Marginal cost of active energy at time ¢ [$/kWh]
in reducing unintended cross-subsidies. These findings underscore tR g . . gy . ’

the importance of thoughtful tariff design and network planning Ci* Marginal cost of reactive energy at time ¢ [$/kVAr-h].
in promoting both a distributional fairness DER deployment and Af Annuity of residential BESS of user i [$/kW-yr].

Resistance of line [ [€2].

system-wide efficiency. Aff Annuity of compensator in node n [$/kVAr-yr].
Index Terms—Bilevel programming, distributed generation, H; BESS energy-to-power ratio [h].

electricity tariffs, prosumer, Stackelberg games. Un BESS charging efficiency [p.u.].
At Time step [h].
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¢,  Reactive compensator capacity in node n [kVAr].
dﬁt Active demand in node n at time ¢ [kW].

dﬁt Active demand in node n at time ¢ [kW].

df]’t Reactive demand in node 7 at time ¢ [kVAr].

py  Systemic active imports at time ¢ [kKW].
Dy Systemic active exports at time ¢ [KW].

g’ Systemic reactive imports at time ¢ [KVAr].
q;"  Systemic reactive exports at time ¢ [kKVAr].

Network linearization

@’ft Active power solution in the line [ at time ¢ during iteration
h [kW].
q', Reactive power solution in the line [ at time ¢ during
iteration h [KVAT].
”17’,;7,5 Square of the voltage solution in node n at time ¢ during

iteration h [V2].
ap  Linearization parameter for P-Q feasible area.

Tariff schemes

7F,  Energy tariff for user i at time ¢ [$/MWh].

Reactive energy tariff for user ¢ at time ¢ [$/MVAr-h].

71, Distribution tariff for user i at time ¢ [$/MWh,$/MW].

;¢ Distribution tariff for user ¢ at time ¢ utilized to
execute DIM model during Gauss-Seidel algorithm
[$/MWh,$/MW].

@  Reduction factor for energy tariff for exports..

I. INTRODUCTION

ISTRIBUTED energy resources (DER) play a pivotal
D role in the decarbonization of the energy sector. DER
contribute to decarbonization by enabling the electrification of
traditionally non-electric sectors, such as transportation, and by
utilizing renewable energy sources for distributed generation.
A key characteristic of these resources is that their deployments
are decentralized and typically undertaken by consumers or pro-
sumers who respond to economic incentives, with tariffs being
the primary economic lever guiding DER development. Studies
have also highlighted that socioeconomic factors and budget
constraints can significantly influence DER deployment [1],
particularly for capital-intensive resources like distributed PV
generation and battery equipment. Thus, it is paramount to study
the effects of these factors on DER deployments.

The growing integration of DER into electricity distribution
networks (DN) presents significant technical and economic chal-
lenges. One major concern is that the increased penetration of
DER, particularly in distribution networks, can lead to issues
such as over voltage, potentially requiring substantial invest-
ments in network infrastructure [2]. Nonetheless, with proper
planning and management, DER could also alleviate network
stress and reduce investment costs by up to 70% [3]. Further-
more, the widespread deployment of DER may disproportion-
ately increase the cost of electricity for consumers without DER
installations, as the costs associated with reinforcing DN could

be borne by all users, including those who have not adopted DER
technologies [4], [5]. This shift challenges the traditional view of
electricity as a public good, positioning it increasingly as a mar-
ketable commodity [6], [7], and transforming the conventional
structure of power systems, where energy flows unidirectionally
from generators to demand centers [8].

The challenges associated with DER integration have been
widely recognized in academic literature, which examines the
effects on prosumers, distribution networks, and upstream power
systems. According to [9], local energy markets can be struc-
tured in various ways, such as peer-to-peer (P2P) models without
a central coordinator, or community-based structures with a co-
ordinating entity, or interconnected community-based markets.
In [10], different local energy trading structures are reviewed,
ranging from cooperative pricing schemes to non-cooperative
frameworks where prosumers interact with a central coordina-
tor and modify their net demand by investing in solar PV or
energy storage. A key question is how coordinators can provide
effective economic signals to incentivize local market participa-
tion, often through tariffs, though subsidies and taxes are also
employed.

Research on low-voltage (LV) network congestion due to
increased demand and distributed generation highlights the
need for further exploration in network modeling and conges-
tion management mechanisms. Equilibrium models based on
Stackelberg games (SG) have emerged as a prevalent frame-
work for analyzing local market interactions, both between pro-
sumers and central entities such as distribution system operators
(DSOs) [11], [12], [13], [14], [15], [16], [17], [18], [19] and
in the context of larger generation and flexibility markets [20],
[21], [22], [23], [24], [25]. In the former framework, central
entities, often acting as leaders in the game, interacting with
prosumers who either have fixed DER capacities or can adjust
their installations to reach market equilibrium [13], [14], [18].

In terms of network modeling, different studies show vary-
ing levels of complexity. Some equilibrium models simplify
network representation, focusing on the broader system effects
while neglecting detailed physical network constraints [11],
[12], [19], [21], [22], [23], [24]. Other studies incorporate DC
power flow models, though these may not accurately capture
physical issues such as voltage limits and reactive power man-
agement in LV networks [16], [20], [25]. More sophisticated
approaches use AC power flow models to account for operational
constraints, although the focus remains on fixed network capac-
ities [15], [17], which means that the capacity of the network
is not an optimization variable. While research at the transmis-
sion level has advanced in addressing these concerns [26], the
LV level remains underexplored, especially with regard to the
simultaneous expansion of DN and DER capacities in long-term
equilibrium models.

In most jurisdictions, tariffs are the primary economic lever
for guiding DER development. Studies have established a clear
connection between academic models of DER integration and
practical regulatory frameworks [9]. However, many develop-
ing countries still rely on regulated volumetric tariffs that do
not adequately reflect actual DN usage or energy availability,
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limiting the efficiency of DER deployment [27]. As a result,
understanding the effects of tariff structures on DER integration
and the associated social impacts is critical.

The distributional impacts of tariffs, particularly in relation
to cost allocation, have gained increasing attention in recent
literature. While efficiency has been the focus of most studies,
there is a growing need to address the equity implications
of different tariff structures. In this line, the authors in [4]
provide a comprehensive review on how justice consideration
can be included into energy optimization framework. Likewise,
research in [6] has highlighted the importance of comparing
policies and tariff schemes, while [5] has examined the dis-
tributional effects of 11 different tariff structures, though their
analysis is limited to historical data and does not account for pro-
sumers’ ability to adjust their demand in response to economic
signals.

This study adopts a decentralized framework involving a co-
ordinator (e.g., a DSO), prosumers, and consumers. Prosumers
determine their DER investments, and the central entity ad-
justs LV network capacity accordingly, ensuring a long-term
equilibrium. Notably, this approach integrates network capac-
ity expansion with AC power flow models, providing a more
accurate representation of physical constraints in a decentral-
ized market structure. Additionally, this work evaluates various
combinations of energy and distribution tariffs, examining their
distributional impacts across socioeconomic groups character-
ized by different capacities to invest in DER. This enables a
nuanced comparison of tariff structures and their long-term
effects on DER deployment and distributional aspect through
society, advancing beyond previous studies that did not explicitly
consider these factors.

Considering the identified gaps in the current literature, the
main contributions of this work are:

® A long-term equilibrium model where both network ca-
pacity and DER investments are determined through equi-
librium conditions. The model incorporates an AC power
flow suitable for LV networks, thereby avoiding physically
infeasible solutions and, unlike previous formulations, con-
siders the network capacity as part of the equilibrium
problem.

e A pioneering study that considers the long-term equilib-
rium between distribution networks and DER investments
takes into account the varying purchasing power of differ-
ent socioeconomic groups as a factor limiting DER deploy-
ment. This study contributes to the field by comparing the
impacts of long-term tariffs on both prosumers and network
investments. The findings underscore and quantify the
crucial role that tariffs play in achieving fair cost allocation
across different customer segments, showing how certain
tariffs may offer a fair solution without compromising
efficiency.

The remainder of this article is structured as follows. Sec-
tion II describes the investment models. Section III describes
the case study and their results. Section IV offers a discussion
and analysis of results. Finally, Section V summarizes the main
findings and concludes the article.

II. METHODOLOGY

This section describes the modeling framework proposed in
this article. A high-level overview of the proposed modeling
framework is presented in Fig. 1, illustrating the interconnec-
tions between inputs, models, and outputs analyzed throughout
this paper. Note that the figure highlights the equations involved
in each model, as well as the figures that describe specific
methodologies.

Thus, a Centralized Planning Model (CPM) that minimizes
the total cost of the system, including DN, energy exchanges with
the bulk power system and DER investment. The CPM considers
idealized conditions where planner has perfect knowledge of
all agents, including prosumer budgets, energy demands, and
relevant parameters such as investment costs and solar radia-
tion. Thus, the planner centralizes every investment decision on
behalf of every agent.

Next, a Decentralized Investment Model (DIM) is introduced,
which is an equilibrium model where prosumers invest in DER
to minimize their electricity charges. Analogously, the DN is
planned considering the prosumer investment. In this equilib-
rium model, prosumers are subject to tariffs, including energy
and distribution network charges. In this regard, the DIM cap-
tures more realistic conditions in comparison with the CPM, due
to prosumers seeking to minimize their annual expenses without
access to information about their peers’ decisions. Notably,
the DIM features a proactive distribution planner, inspired by
the proactive transmission planner [28], who anticipates DER
investments made by prosumers based on distribution network
investments. This contrasts with a reactive distribution planner,
who relies on exogenous forecasts of DER investments indepen-
dent from the actual distribution network investments. Also, in
this paper, the proactive distribution network planner adopts a
social perspective, aiming to minimize total system costs.

Thus, while the CPM serves as a benchmark model that pro-
vides reference equilibrium conditions, the DIM model provides
a tool to support the tariff-setting process led by the regulator,
whose social perspective on cost aligns with the formulation
proposed here. It is also worth noting that the DIM model can
be customised to better capture the role of the DSO.

The proposed resolution algorithm, based on Gauss-Seidel
to solve the non-linear formulation through successive linear
problems, as well as the tariffs studied, are discussed in detail
below.

A. Centralized Planning Model (CPM)

The CPM, (1)-(26) is formulated as a single-level linear
programming (LP), aimed at minimizing total system costs. The
objective function considers DN costs, DER investments (solar
PV and BESS), and energy exchanges with the bulk system. The
DN costs are divided into the capacity of the lines and the cost
of reactive compensator that can be added to each node.

Equations (2) and (3) denote power balance. Note that PV
and BESS do not provide reactive power in this formulation,
which aligns with most practical applications. Equation (4) lim-
its capital expenditures in PV and BESS (i.e., budget constraint).
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Input data
Techno-economic parameters:
: metwork qata, loads anq prosumers Socio-economic factors: Regulatory factors:
* Network investment options and costs « Consumer budgets « Tariffs
* BESS investment options and costs 9
* DER investment options and costs Eq. (53)-(55)
( L A N
Models
Model initialisation,
formulation of network constraints
Eq. (15)-(26) \L
( AC-OPF iterative linearization algorithm }
Fig. 2
) J
Decentralized modeling \[ I
( Centralised Planning Model (CPM) )
Prosumer investment model (PIM) J [ Prosumer operation model (POM) J
Eq. (1)-(14)
Eq. (2)-(8), (27), (28) ‘L \L Eq. (2)-(13), (29)

J Proactive distribution system planner:
’L Bilevel Distributed Investment Model (DIM)

Eq. (1), (15)-(26), (31) \L
[ Single-level Distributed Investment Model (S-DIM) ]
Eq. (1), (2)-(8), (15)-(26), (32)-(52)\|/
A { Gauss-Seidel algorithm J

Fig. 3

Output \[

[ « Analysis of the DER and network investments

* Analysis of fairness vs. efficiency

« Impacts of tariffs on prosumers and network investments

* Cost allocation across different socioeconomic groups
« Comparison of the centralized and decentralized solutions

Fig. 1. Modeling framework overview.

MODEL: Centralized Planning Model (CPM) [LP].

Solar PV

Objective function e;r S Pivit tgf,  YieIiteT (5)
min Y Ajsi+ Y Afen + Y (Aip; + APpP) Non-negativeness

lel neN i€l e;{,t’ eﬁ?&v T;f]ta 7";"2» SOCM

A/ w in R/ w out
+§;Ct (pt" — py )At+2;0t (re —a/")Ae (D) e et eds >0 1o, VMieIteT (6)
te te ) )
Power balance p; 20 1 0] Viel (7
DA — g | g8 pE >0 0B VieZ 8)
it — Cit it

. CPM BESS ti

—eln —ethpeds 0A VieIteT ) operation
" h<pl VieTI,te 9

DE =y —rin AR VieTteT 3) €t S Pi teLteT ©)
Budget el <p} VieTteT (10)
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SOCLl = SOCi,TAT Viel (13)
Reactive compensator
eyt < e VneN,teT (14)

Equation (5) limits PV generation, considering solar produc-
tion availability 1); ;. Equations (6), (7), and (8) prevent some
variables from taking negative values. Finally, note that the dual
variables of (2)—(8) are used in this model, as will be discussed
in greater detail in Section II-B2.

Additionally, (9)—(13) denote the operation of BESS in the
CPM. Equations (9), (10), and (11) represent the upper limits
for charging, discharging, and the state of charge of the BESS,
respectively. The energy inventory of the BESS is represented by
(12), and (13) imposes that the state of charge at the initial time
and at the end of every day is the same. Finally, (14) represents
the compensator limits.

The DN modeling incorporates a DistFlow approach proposed
in [29], which introduces a convex non-linear formulation. To
handle these non-linearities, the proposal presents an iterative
algorithm for linearization studied in [30].

Consequently, the DN equations are represented with (15)-
(26). Equations (15) and (16) depict the aggregated power
injections of all users ¢ connected to a bus n. Equation (17)
establishes the upper and lower voltage limits. Current limits
are defined in (18), whereas (19) and (20) address the nodal
balance for active and reactive power, accounting for losses.
Ohm’s law for each node is represented in (21). Lastly, (22) and
(23) depict the interconnection between the distribution and bulk
power systems. (24) to (26) present the linearized version of the
equations proposed in [30]. Specifically, (24) and (25) denote
the feasible operational region of every line (conceptualized as
a circumference with a radius of s; within the P-Q plane), a
concept explored in detail in [31].

Network constraints

ity = (el — eln) Ny YneN,teT (15
i€l

dg.,t + C%,t - C::ft =

Z(Tfﬁ’t — 71" )Nin VneN,teT  (16)

€L

Vp < Ut < T YneN,teT (17

i < VieliteT (18)

ZthOn,l + dit

lec

= Z(pz,t — Ryig )1y YneN,teT  (19)
lec

Z QI,tOn,l + dft

lel

= (@1s — Xiirg) I VneN,teT  (20)
lel

h=0

[ Solve CPM without iterative cuts ]

Eq. (1)-(14), (15)-(25), without (26)
2
( Obtain . lt. gl )
Linearization
algorithm
( Add iterative cuts (26) )
2
Solve CPM with iterative cuts
Eq. (1)-(14), (15)-(26)
2
( Update of. pli. 4l )
No
Yes
Fig. 2. Scheme of LP AC-OPF iterative algorithm.

Z Unt(Ony — Inyg) = 2Riprs
neN

+2Xiq1e — (R} + X7 )iy VielteT 1)
> piOoy = pi = pi" VieT (22)
lel
> @001 =aq — q;" Vie T (23)
lel
qup < —PLL S VieLteT ke A
24)
_ TPt s VieLteT ke A
V1—ai
(25)
Iterative cuts
( Z quZ,z&On,l>il,t >
neN
@?t)Q + Zﬁ?t(pl,t - ﬁ?,t)
+ (@@)2 + 2&?’,’t(qz,t - Eﬁft) vieLteT (26)

Equation (26) imposes restrictions on apparent power through
aline. The left-hand side encapsulates apparent power in relation
to voltage vy, ; and current 7; ;. Meanwhile, the right-hand side
represents the operational boundary p7, + g7, in the P-Q plane.
These terms are linearized using an iterative approach explored
in [30].

Fig. 2 presents a high level algorithm of the iterative process
used to solve the AC-OPF problem. The iterative process begins
with results obtained without considering constraint (26). Since
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MODEL: Prosumer investment model (PIM). [NLP].

MODEL: Prosumer operation model (POM).

Objective function for prosumer i

minA;p; + AprB + Z(Tﬂ + Tft)e;‘tht
teT
=Y h et A+ Y i, - ri)AL 27)
teT teT
Constraints: (2)—(8)
Prosumer BESS Operation
I, d: B, B . B
eg,t - ei,j‘/ =D wi,t : ¢i7t

VieT,teT  (28)

this constraint serves as a lower limit for current, neglecting it
implies that the variable is 0. Therefore, according to (21), this
resultindicates a lossless power flow. After this initialization, the
algorithm proceeds to add cuts given by (26) on each iteration h.
Note that cuts are given by the results of the CPM given by p; ;,
D1t Un,+. Convergence is achieved with an accuracy determined
by the tolerance ¢ for the voltage variation between successive
iterations.

B. Decentralized Investment Model (DIM)

The DIM is formulated as a bilevel problem, which corre-
sponds to a Stackelberg game between a proactive distribution
planner (leader) and the prosumers (followers). The objective of
the model is to identify an economic equilibrium between DER
and DN investments. This section will describe the different
components of the DIM, namely the lower level model, the upper
level model, and reformulation of both models within a single
level problem by means of Mathematical Programming with
Equilibrium Constraints (MPEC).

1) Lower Level (prosumer) Model: This model represents
the lower level, wherein there is one optimization model per
prosumer ¢, and their outcomes include the investments p; and

B : : w in ,ch _,ds ,w
p;i » as well as the operational variables €}, e}, ef’}, €75, 17",

and r}"}.

Each prosumer is characterized by their demand patterns D;‘}t
and D, their location in the network given by N; ,,, and their
budget to invest in DER devices K;. These features are often
correlated with socioeconomic factors. For instance, different
demand patterns D;‘}t and DF, are associated with varying
socioeconomic conditions [32]; [33]. Similarly, the quality of
a given distribution network is influenced by the socioeconomic
characteristics of the households [34]. In this article, the focus
is on the impact of the budget K, nevertheless, future work
can analyze additional socioeconomic features mapped into the
mentioned features.

The tariff schemes are represented with three arrays: 7.5, 7,

1,
and 71

;.¢» denoting the energy, distribution, and reactive power
tariffs, respectively. Their detailed definitions depend on the

specific regulatory framework being modeled.

Objective function for prosumer i

. D EN _w
min E (it +7',L-7t)ei,tAt

teT
=N (h+erf)enat+ Y o, — i At (29)
teT teT

Constraints: (2)—-(13)

The objective function is defined by (27), which incorporates
DER investment, the energy bill calculated based on energy and
DN tariffs, and revenue from energy exports. This revenue is
valued at the energy tariff reduced by a factor .

Finally, the objective function includes the reactive energy
balance.

It is noteworthy that tariffs vary for every user and time, thus
they can be adjusted to a specific tariff definition. In addition,
distribution tariff Ti[,; definitions are non-linear functions (usu-
ally defined in several regimes that originate non-linearities).
Moreover, when equilibrium is reached, TZ% becomes a function
of all prosumers’ decisions, capturing economic relations among
agents. Consequently, the prosumer model is a Non-Linear
Programming (NLP) model.

Finally, the BESS operation is determined in (28) according
to a power profile given by wft, which is a time series with
values in the interval [-1, 1] representing normalized charging
and discharging rates. From the POM perspective, this profile
is defined exogenously. This methodology, unlike egs. (9)-(13),
reduces the number of variables (no need to use SoC; ;) and
equations (replacing five inter-temporal constraints with a single
intra-temporal constraint), thereby reducing the computational
complexity.

In this regard, this article updates the profile 1/2,, optimizing
the profile through a Prosumer Operation Model (POM). Note
that the POM model considers a fixed amount of DER (p{ and
pP), and the BESS modeling utilizes the same equations used by
CPM in (9)—(13). Thus, the battery profile wft is the normalized
charging and discharging rates given by (30).

VieI,teT (30)

2) Upper Level (Proactive Distribution Planner) Model:
The model considers a proactive distribution planner with a
social perspective, meaning that it minimizes both network
and prosumers cost. For this approach the planner considers as
objective function the equation (1), with the key difference that
optimal prosumer decisions from PIM are taken into account.
Note that in other contexts, where a DSO minimizes only the
network cost but keeping the prosumers decision decentralized,
a similar approach can be found in [14]. Accordingly, the DIM
is a bilevel NLP due to (31) (considering optimal prosumers’
decisions).
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It is noteworthy that, in this paper, the distribution network
does not include the installation of BESS as part of its portfo-
lio. While current regulations, particularly within the EU, may
permit grid operators to own BESS for specific grid-support
functions, they are generally prohibited from participating in
energy markets with these assets to avoid conflicts of interest
and ensure fair competition [35]. Future regulatory and in-
frastructure planning should account for these limitations and
consider frameworks that enable the integration of BESS into
the distribution network in a manner that supports grid reliability
without compromising market integrity.

Unlike the CPM, the DIM represents the case where pro-
sumers aim to minimize their energy bills without considering,
or having knowledge of, the decisions of their peers.

MODEL: Bilevel Distributed Investment Model (DIM)
[NLP].

Objective: (1)

Constraints: Network constraints: (15)—(26)

s B _w _s in _ch _ds ,w _in :
PirDi 1 €i1r€i15€5 410 Cit>Cits Tty T4 ¢ € ArG min(PIM)

(€29

C. Solving DIM: Gauss-Seidel Algorithm

The bilevel DIM structure must be reformulated into a single-
level problem to be solvable by commercial solvers [36]. How-
ever, this process is complicated by the distribution tariff, whose
value depends on the prosumer’s decisions making the problem
non-linear. In fact, even in simple cases (for instance a tariff with
linear dependence), the variable distribution tariff may introduce
non-linearities to the problem formulation as the tariffs are multi-
plied by the net energy consumption which is also variable (27).
Consequently, the single-level formulation becomes a mixed-
integer nonlinear programming (MINLP) problem, which may
lead to multiple Stackelberg equilibria.

To address this challenge, the article proposes an iterative
Gauss-Seidel algorithm that solves the MINLP problem by
breaking it into multiple mixed-integer linear programming
(MILP) problem that can be solved iteratively whereas managing
the non-linear components. The principles of this algorithm are
similar to those in [37], which was applied in the context
of generation market equilibrium under different carbon tax
definitions. Likewise, authors in [38] explored the Gauss-Seidel
algorithm for generalized Nash equilibrium problem.

For this purpose, it is initially assumed that Ti’?t is constant,
which renders the POM linear and allows it to be replaced
with the MPEC equations, which are given by the first-order
conditions ( (32) to (40)), and the linearized complementary
slackness associated with (2)—(8) and (28) according to the
Fortuny-Amat & McCarl linearization [39] using the big M
technique ( (41)—(52)). Thus, the resulting model becomes a
single-level MILP.

Fig. 3 presents a schematic representation of the algorithm
used to find the economic equilibrium, where boxes represent

399
MODEL: Single-level DIM (S-DIM) [MILP].
Objective function: (1)
Constraints: (2)—(8)
Network constraints: (15)-(26)
First order conditions
A+ AR =D w805, 0 =0 VieI (3
teT
AP+ APB =D WEel, — ol VieT (33)
teT
T1€+Tleﬁ_)‘£t_o—ief::0 Vi€I7t€T
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Fig. 3. Gauss-Seidel algorithm flowchart.

models and ovals represent parameters derived from model
outputs. The process begins with a CPM execution, which serves
as a benchmark of the Stackelberg equilibrium (see Fig. 1).
This provides initial estimates for key parameters such as the
distribution tariff 73 and BESS usage profile ¥”,. Note that
those parameters may be initialized exogenously without the
needs of CPM execution. These are then refined through an
iterative Gauss-Seidel loop. If the recalculated distribution tariff
Tft converges (within a tolerance €), the Stackelberg equilibrium
is achieved. Otherwise, the algorithm continues with updated
parameters via a POM execution. The full iterative flow is
illustrated in the Fig. 3.

It is important to note that, in this context, the Gauss-Seidel
algorithm serves as a practical approach to solve the origi-
nal bilevel DIM problem—formulated as a nonlinear program
(NLP)—through successive iterations of mixed-integer linear
programs (MILPs), thereby reducing the original problem’s
complexity. While the algorithm does not provide a theoreti-
cal guarantee of convergence in non-convex settings, several
factors can influence its practical convergence when applied to
network and prosumer investment problems, as in this article.
For instance, in small systems with limited prosumer diversity,
the iterative algorithm may oscillate between two states, pre-
venting convergence. In this regard, if the lower-level problem
is convex [36], the equilibrium is unique; thus, in the event of
convergence, the Gauss-Seidel algorithm will reach this unique
equilibrium.

D. Tariffs Explored in This Work

Regarding the energy tariffs, this work explores three op-
tions. First, flat tariff during the whole year, corresponding
to the average marginal cost of energy (MgC), weighted by
the corresponding demand. Second, a 2-block tariff, or 2-b,
which has two values across the day: a low value between
midnight and 6:59 am, and a high value between 7:00 am and
11:59 pm. This scheme is based on the U.K.’s economy seven

TABLE I
TARIFF EXPLORED IN THIS WORK

Vol 100 Peak 0
MgC [ 2-b [ Flat

Vol 10 Peak 90
MgC | 2-b | Flat

Distribution tariff
Energy tariff

tariffs [40]. In both time windows, TEt is equal to the average
marginal cost. Finally, the third tariff is directly the MgC in every
hour.

In this article, the reactive power tariff T, t is assumed to be
zero, which aligns with classical residential tarlff structures. This
simplification helps streamline the analysis while remaining
consistent with practical tariff designs.

DN
Vol;, = (53)
Zt’ Py = pf’
if py’ — pin <P
Peak;; = % otherwise >4)
teTP :Dt/ 2
T’Lef = 5V01i,t —|— (1 - 6)P€aki7t (55)

Regarding the DN tariff, 71 + captures the network costs as-
sociated with meeting dlfferent demand levels. In this work,
the combination of two mechanisms is explored. First, the
volumetric tariff divides the cost of the DN by the total net
electricity demand for the system as in (53). Second, the peak
tariff divides the cost of the DN by the sum of the net electric-
ity demand over a threshold P (i.e., when p}’ — pin > P, see
54). Therefore, during those times when net demand is lower
than a threshold P, the peak demand is O. In this article, the
threshold is defined as the 90th percentile of net electricity
demand during the peak day, which corresponds to the three
highest demand hours on that day. This assumption aligns
with practical applications, such as the five coincident peaks
used by the system operator in Pennsylvania, New Jersey, and
Maryland (PIM) [41], and the electricity triads applied by Na-
tional Energy System Operator (NESO) in Great Britain [42].
In both cases, a set of peak hours is considered rather than a
single value.

Thus, two linear combinations for the distribution tariff are
explored as stated in 55, with § equal to 100% (namely Vol 100
Peak 0) and 10% (Vol 10 Peak90).

Finally, Table I shows the six different tariffs explored in this
work, considering three tariffs for energy and two for distribu-
tion. Note that whereas the algorithm is capable of handling
tariffs with different prices for each prosumer, for the sake of
simplicity and to make the results more intuitive, in this article,
the tariffs are assumed to be uniform across all users. How-
ever, future analyses could incorporate more sophisticated tariff
structures. For instance, distribution tariffs may reflect zonal
cost differences [43], [44], or include reductions for vulnerable
groups to promote equity [45]. In such cases, the distribution
tariff 7'1-’3 for prosumer ¢ would depend on the specific tariff
definition, resulting in user-specific values. Nevertheless, the
proposed model remains applicable under these more complex
tariff scenarios.
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Fig. 4. IEEE 37-bus feeder scheme.

III. RESULTS
A. Case Studies Definition

The studies presented in this work are conducted using a
modified version of the IEEE 37-bus feeder [46], which includes
14 prosumers and 11 consumers. Four user classes are defined:
no-budget (consumers), low-budget, middle-budget, and high-
budget users. Three zones are arbitrarily defined to separate
different neighborhoods where users have similar budgets (i.e.,
low, mid, and high). It is worth noting that consumers (no-budget
users) are located in every neighborhood. Fig. 4 illustrates the
network topology and the users’ locations.

The energy needs of every user are represented by their active
and reactive power demand (th and Dﬁt with a power factor of
0.95 for every prosumer and consumer) for three representative
days, obtained using the CREST demand model [47], which is a
bottom-up model for simulating electricity demand in residential
dwellings. These days correspond to typical summer and winter
profiles, and peak demand conditions (see Fig. 5).

Energy can be procured from the bulk power system through
the primary substation at the hourly marginal cost of energy
CtA. Two different marginal cost sensitivities are studied, as
shown in Fig. 6 The first sensitivity involves marginal costs
varying between 50 and 85 $/MWh, which are typical cost ranges
for thermal-based systems. The second sensitivity considers a
marginal cost series equal to 0 $/MWh during the middle of the
day (i.e., period with high solar generation outputs), rising to
150 $/MWh in the evening to keep the average marginal cost
of the whole day. This case is inspired in a system with excess

Summer day Winter day Peak day
E
g 1250 o 1250 1250
S
g 1000 - 1000 A 1000 -
Q
[ =]
§§ 750 - 750 - 750 -
S 500 500 500 -
[}
£
2 250 250 - 250
&
0 - T (U T 0 -7 T
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Fig. 5. Demand for every prosumer and consumer of the three representative
days. The x-axis represents 24 hours.

150 - driven by thermal generation

driven by renewable generation

100

50 A

Marginal cost of energy [$/MWh]

0 T T T T T

0 5 10 15 20
Fig. 6. Marginal costs scenarios. The x-axis represents 24 hours.

TABLE I
LOCATION OF NETWORK USERS AND THEIR BUDGET PER ZONE

User Annuitized budget | Tag
Consumers $0 No budget
Prosumers zone 1 | $50 Middle-budget
Prosumers zone 2 | $100 High-budget
Prosumers zone 3 | $25 Low-budget

of renewable generation (solar PV). In both cases, the marginal
cost has an average value of 65 $/MWh. Users purchase energy
at the energy tariff 7% and sell energy at a fraction ¢ = 0.1
of the energy tariff TzEt Reactive power marginal costs C}* are
assumed to be 5% of the marginal cost of energy. Ti]?t is set to
ZEero.

Additionally, the DN investment costs are set to A; = 90
$/kW-km-yr. For the | = 0, A; accounts for the transformer cost.
Additional information and technical parameters can be found
in the case study repository [48]. It is worth mentioning that
given the long-term view, the network is planned from scratch
in a greenfield fashion. This approach is utilized in Chile and
other Latin American countries [49].

The budget K; per user is provided in Table II. The PV
investment costs A? are set to 150 $/kW-yr according to current
conditions [50]. The BESS costs are set as A? at 120 $/kW-yr,
and the capacity H; is 4 hours.
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B. Analyses Performed

Tariff structures and non-cooperative strategies influence
system-level costs. However, these costs may not be evenly dis-
tributed among users. At the user-level, some users may benefit
(comparing their costs with no DER installation), while others
bear higher costs due to inefficiencies (sub-optimal solutions)
and the benefits enjoyed by other users. This section quantifies
these effects through two analyses:

1) System-Level Analyses: This section demonstrates Stack-
elberg inefficiencies, defined as the difference between the total
costs of the CPM and DIM. Stackelberg inefficiencies are quan-
tified for six combinations of energy and distribution tariffs,
considering solar PV and BESS as DER technologies. The
equilibrium is compared against two benchmarks:

a) The scenario where no user invests in DER (No DER

installations).

b) The scenario where DER investment results from the CPM

(CPM costs).

2) User-Level Analyses: This section explores the distribu-
tion of costs among users with different budgets (no, low-, mid-,
and high-budget). Total billing costs and DN cost allocation
for the six different tariffs are compared. Additionally, as a
benchmark, the scenario where there is no DER investment (all
users are charged the same amount) is considered. This allows us
to analyze if DER has improved the economic position of specific
users. Meanwhile, CPM is not considered as a benchmark, as
this is not an equilibrium.

3) Sensitivity of Marginal Cost of Energy: This section ex-
plores the robustness of the conclusions by analyzing the equi-
librium when marginal energy costs are driven by renewable
generation (see Fig. 6). In this context, the main trends in
efficiency and equity are compared with the base case, where
marginal costs are driven by thermal generation.

4) Computational Performance: This section examines the
computational performance of the algorithm, highlighting key
variables affecting computational burden and presenting ex-
ploratory results of the proposal.

C. System-Level Analyses

Fig. 7 shows the system-level costs. The CPM cost is 10.2
k$-yr (red dashed line), representing savings of 4.5% compared
to the no DER costs (green dashed line). Meanwhile, DIM costs
are approximately 1.9% higher than the CPM cost. These results
highlight the importance of a holistic review of tariffs and the
undesirable effects of updating only one component of the tariff.
For instance, with the distribution tariff Vol 100 Peak 0 (Fig. 7,
left), total system costs remain the same regardless of the energy
tariff. Conversely, for Vol 10 Peak 90 (Fig. 7, right), total system
costs for the 2-b and flat energy tariffs are higher compared to
the volumetric tariff. Thus, partial modifications of tariffs could
lead to a more inefficient equilibrium, even if the change is “in
the right direction”.

DER investment (Fig. 8) strongly depends on the tariff ar-
rangement. When the distribution tariff is Vol 100 Peak 0,
Fig. 8 shows a massive deployment of solar PV without storage
installation, regardless of the energy tariff.
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Fig.7. The figure illustrates the total system-level costs. The distribution tariff
is specified at the top of each chart. The x-axis represents the energy tariff. The
red dashed line indicates the CPM cost, while the green dashed line represents
the system-level cost in the absence of DER investments.
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Fig. 8. The figure illustrates investment in DER in stacked bars. The analyzed
cases are the CPM investments (left), the equilibrium investment for the Vol
100 Peak 0 distribution tariff (middle), and the Vol 10 Peak 90 distribution tariff
(right).

The explanation lies in the comparison between the total tariff
paid by prosumers and the Levelized Cost of Energy (LCOE)
of solar PV technology. Fig. 9 presents various tariff structures
throughout a typical day and during the peak day. It is important
to note that, in this study, tariffs are uniform across all prosumers,
as indicated by equations (53), (54), (55) . Additionally, in each
case, the LCOE associated with solar PV is also shown.

In the scenario with a distribution tariff of Vol 100 Peak 0,
prosumers choose to deploy solar PV because its LCOE (42
$/MWh) is lower than both the import and export tariffs. This
is illustrated in the first column of Fig. 9, where the LCOE—
represented by the red dashed line—remains below the tariff
levels at all times.

Conversely, for the Vol 10 Peak 90 distribution tariff, the
solar PV LCOE is between the total export and import tariffs.
In this case, prosumers are incentivized to install DER for
self-consumption only. Thus, BESS installation depends on the
energy tariff. With flat and 2-b energy tariffs, only a small
fraction of the total budget is invested in storage, driven by
the high peak of the distribution tariff during peak days. For
flat or 2-b electricity tariffs, there are no incentives for energy
arbitrage. Meanwhile, with the MgC energy tariff, incentives
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Fig. 9. The charts depict the obtained tariffs after solving the DIM model
(Stackelberg’s equilibrium). The first column shows the Vol 100 Peak 0 distri-
bution tariff, and the second column shows the Vol 10 Peak 90 distribution tariff.
The top row indicates the summer/winter period, and the bottom row shows the
peak day. Each chart displays the LCOE of solar PV (red dashed line). For each
energy tariff, the total tariff for imports is shown with a continuous line, and the
export tariff with a dashed line. Exports are valued at gp'rft + TZ%A The x-axis
represents the 24 hours of a day.

for BESS investment increase because energy arbitrage can be
included in the prosumer’s revenue stream.

Finally, it is worth noting the higher peaks of Vol 10 Peak
90 during the peak day (see Fig. 9, bottom right chart). In
this context, BESS systems receive the price signal to operate
accordingly, thereby helping the system defer DN investments.

Remarkably, in all the above-mentioned cases, the network
did not require reactive compensators to meet statutory voltage
limits, as the voltage remained within the feasible operating
range. To be specific, in this case study, node 1 presented a
voltage of 1.03 per unit, which is the node with the highest
voltage. Given the low demand levels, the voltage at the extreme
nodes (nodes 30 to 37) showed a maximum voltage drop of only
0.1% during the peak day.

D. User-Level Analysis

The results of this section highlight that, even if the impact
on efficiency in terms of cost is limited, tariffs have a significant
impact on cost allocation among users.

Fig. 10 shows the distribution of system costs for different
DER budgets and tariff schemes. Note that even though the
tariff values are uniform across prosumers, net energy demand
varies across socioeconomic sectors, driven by differences in
DER installation. As aresult, the actual costs faced by prosumers
differ depending on their socioeconomic group. Therefore, the
figure presents the average cost, grouped by budget level. The
same applies to Fig. 11, which shows the average distribution
cost.

In Fig. 10, the charts illustrate that the distribution network
tariff plays a key role in the equity of system cost allocation.
The most unequal solution occurs when the distribution tariff
is purely volumetric (Vol 100 Peak 0). In this case, there is a
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Fig. 10.  The figure depicts the average total cost per user with different budgets
to invest in DER. The distribution tariff is specified at the top of each chart, and
the energy tariff is shown at the bottom. The red dashed line represents the cost
when there is no DER deployment, and therefore, all users face the same cost.
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different budgets to invest in DER. The distribution tariff is specified at the top
of each chart, and the energy tariff is shown at the bottom. The red dashed line
represents the cost when there is no DER deployment, and therefore, all users
face the same distribution cost.

cost gap between high- and no-budget users, where high-budget
users face costs 35% lower than no-budget users.

This cost gap between high- and no-budget users is re-
duced when Vol 10 Peak 90 is applied. With the 2-b or flat
energy tariffs, the gap is around 14%. For the MgC energy
tariff, the gap reaches 16%. This difference is due to the extra
revenue high-budget users earn through energy arbitrage with
batteries.

Another aspect to consider is the additional costs paid by
no-budget (and in some cases, low-budget) users compared to the
no-DER installation scenario. For instance, no-budget users have
to pay $46 more per year when the Vol 100 Peak O distribution
tariff is applied (see Fig. 10, right), representing 10.9% more
than the no-DER installation scenario. This extra cost comes
directly from the additional cost of distribution charges. Fig. 11
shows the DN charges under different tariff schemes. For Vol
100 Peak O (Fig. 11, left), no-budget users pay $46 more per year
in DN charges compared to the no-DER solution, demonstrating
that the additional cost is due to network charges. A similar anal-
ysis for high-budget users shows that they save an average of $53
per year with the Vol 100 Peak O distribution tariff (Fig. 10, left),
representing 29.5% less than the no-DER installation scenario.
Of this, $35 per year are savings in distribution charges, while
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Fig. 12.  The figure illustrates the system-level cost for the case of marginal
cost driven by renewable generation. The distribution tariff is specified at the
top of each tariff. The x-axis represents the energy tariff. The red dashed line
indicates the CPM cost, while the green dashed line represent the system-level
cost in the absence of DER investment.

the remaining $18 per year are related to benefits from the energy
tariff component.

Conversely, when Vol 10 Peak 90 is applied, there are minor
additional costs for no-budget users (around $5 per year, about
1% of no-DER costs), fully explained by distribution charges
(Fig. 11, right). For other users, their savings are explained by a
mix of energy and distribution network charges.

These results underscore the importance of cost-reflective tar-
iffs in reducing cross-subsidies in the undesired direction—that
is, from no-budget users to high-budget users. These cross-
subsidies arise from the way network costs are allocated among
all prosumers and consumers. Distorted tariffs, such as the Vol
100 Peak O structure, lead to a cross-subsidy in network charges,
with no-budget users effectively subsidizing high-budget users.

E. Sensitivity of Marginal Cost of Energy

To analyze the robustness of the conclusions presented above,
a sensitivity analysis of the results to the considered marginal
energy costs is performed. The system-level costs results are
shown in Fig. 12. These results reinforce the importance of a
holistic approach to tariff design.

For instance, taking as a reference the scheme based on a
flat energy tariff combined with a Vol 100 Peak O distribution
network tariff, a partial change involves modifying either the
energy tariff or the distribution tariff, but not both. In this case, a
partial change in the energy tariff has a negligible impact on
system costs. Similarly, a partial adjustment of the distribu-
tion tariff to a Vol 10 Peak 90 configuration reduces costs by
only 1.3%. In contrast, a holistic shift toward a cost-reflective
tariff—using a MgC energy tariff combined with a Vol 10 Peak
90 distribution tariff—leads to a 13.1% reduction in system
costs.

Focusing on this sensitivity analysis, a noteworthy finding is
that certain tariff structures can lead to higher system costs than
in scenarios where prosumers do not install distributed energy
resources (DER). In such cases, the tariffs incentivize prosumers
to install solar PV even when the marginal cost of energy during
the day is zero, simply because the tariff remains higher than the
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to invest in DER for the case when the marginal costs are driven by renewable
generation. The distribution tariff is specified at the top of each chart, and the
energy tariff is shown at the bottom. The red dashed line represents the cost
when there is no DER deployment, and therefore, all users face the same cost.

LCOE of solar PV. As a result, the LCOE of energy injected by
prosumers becomes more expensive than the energy available
from the bulk power system.

It is important to note that when tariffs are cost-reflective,
the incentives are aligned with system costs. Consequently, the
resulting equilibrium is less expensive compared to any other
studied tariff scheme.

The user-level analysis is shown in Fig. 13. It is observed that
cost allocation across different socioeconomic groups changes
with the tariff design, thereby affecting the distributional aspects
of the resulting equilibrium. Using the Flat energy tariff and
Vol 100 Peak 0 distribution tariff as the base case, high-budget
prosumers pay, on average, 36% less than no-budget prosumers
(referred to as the cost gap). When only the energy tariff is
changed to the MgC energy tariff, the cost gap decreases to
22%. Alternatively, modifying only the distribution tariff to Vol
10 Peak 90 reduces the gap to 14%.

Interestingly, in the case of a fully cost-reflective tariff (MgC
energy tariff combined with Vol 10 Peak 90), the attractiveness of
the results depends on the perspective of fairness or equity. In this
scenario, high-budget prosumers pay 44% less than no-budget
prosumers, indicating a highly unequal outcome. However, it is
important to note that even no-budget prosumers benefit from
reduced average energy costs, despite being unable to invest in
DER. This is due to reduced network costs, as other prosumers
install batteries to avoid network reinforcements. Consequently,
the fairness of the equilibrium depends on the chosen social ob-
jectives and how fairness is defined within the policy framework.

It is also worth noting that the user-level results highlight how
cost-reflective tariffs reduce cross-subsidies from no-budget to
high-budget prosumers, reinforcing the findings obtained under
marginal costs driven by thermal generation. In fact, when the
energy tariff is set to MgC and the distribution tariff to Vol 10 /
Peak 90, no-budget prosumers see a reduction in their costs com-
pared to the scenario in which no prosumers install DER. This
suggests the emergence of cross-subsidies from high-budget to
no-budget prosumers—an outcome that may fulfill a valuable
social role.
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TABLE IIT
EXECUTION TIME [S]

Distribution network tarfff Vol 100 Peak 0 Vol 10 Peak 90

Energy tariff MgC | 2-b | Flat | MgC | 2-b | Flat

Execution time [s] 62 58 56 692 133 105
For solving the single level DSM with gauss-seidel algorithm.

F. Gauss-Seidel Algorithm Performance

The studies were performed on an Apple M1 Pro laptop
with 16 GB RAM. Table III shows the time to converge for a
single-level DIM using the proposed Gauss-Seidel algorithm.
In general, the algorithm increases its complexity with the
granularity of the tariffs. In this sense, the peak tariff implies
higher computational times compared with purely volumetric
cases. The energy tariff also impacts the computational burden,
with the MgC energy tariff being the more complex (up to 5
times the computation times utilized by the 2-b energy tariff).

IV. DISCUSSION

In this article, the proposed DIM formulation corresponds to
a deterministic model, where a proactive distribution network
planner has perfect information, prosumers make rational deci-
sions to minimize their costs, and their investments are limited
by their budgets, which is the case in jurisdictions without
specific mechanism such as feed-in-tariff or special subsidies to
DER. In this context, the DIM solution represents a Stackelberg
equilibrium, allowing for an assessment of the efficiency and
fairness of the equilibrium under the stated assumptions.

Focusing on the case study, rather than on the modeling
considerations, it analyzes DER deployment through a set of
homogeneous prosumers, distinguished by their location and
investment budgets for DER. This assumption is useful for
examining how income differences influence DER adoption
levels. However, the conclusions derived from the model should
be interpreted having in mind homogeneous prosumers assump-
tion and socioeconomic factors characterized by the budget
only. Therefore, rather than focusing on numerical outcomes
for specific individual, the presented results and analysis em-
phasize general trends in how the Stackelberg equilibrium is
comparatively affected at both the system and user levels.

The proposed model allows us to draw two main conclusions
that remain consistent across the sensitivity studies (i.e., varia-
tions in the marginal cost of energy). Firstly, it is essential to an-
alyze tariffs as a whole—including both energy and distribution
components—rather than treating them as isolated elements. It
is also crucial to assess their impacts at both the system and
user levels. Partial updates to either the energy or distribution
component carry the risk of unintended outcomes, such as the
integration of DERs without system-level benefits, which may
also negatively impact vulnerable users.

Secondly, cost-reflective tariffs can potentially reduce cross-
subsidies from low- to high-budget users. This is a significant
result, considering that volumetric distribution tariffs and flat
tariffs are distortive and still widely used (for instance, these are
common in Latin America [49]). When such tariffs are in place,

in the Stackelberg equilibrium, low-budget prosumers bear ad-
ditional costs associated with DERs (related to network costs
shared with other prosumers). A cost-reflective tariff improves
this situation by reducing the burden placed on low-budget
prosumers.

In this context, the role of the proposed model is to serve as
a tool to support the tariff-setting process, providing a means
to quantify the potential efficiency and fairness of a given tariff
scheme and to create benchmarks for comparing different tariff
options. Likewise, minor modifications to the objective function
can be made to allow the proposed model to only capture the
perspective of a distribution system owner (e.g., by removing
the terms related to prosumer investments).

It is important to emphasize that this article the focus is on the
impact of budget distribution across different consumers groups.
However, other socioeconomic factors may also influence the
equilibrium. Prosumers may be motivated to change their energy
consumption patterns by various factors beyond their income.
For instance, as explored in [32] some factors that may influ-
ence electricity demand patterns include economic capacity and
energy costs, as well as climate and dwelling location, physical
dwelling characteristics, household activities and services, and
socio-demographic traits (e.g., education, age of inhabitants),
among others. Consequently, further analysis is required to
incorporate a set socioeconomic factors and to generate more
comprehensive findings.

Likewise, Stackelberg models can be understood as a subset
of broader models in which prosumers may pursue objectives
beyond cost minimization. In this regard, agent-based models
[51] offer a framework for incorporating behavioral aspects.

V. CONCLUSION

This paper investigates the long-term equilibrium of DER
and DN capacity expansions, focusing on consumers with vary-
ing budget constraints for DER investments. To support this
analysis, we propose a novel equilibrium model incorporating
budget limitations while considering detailed AC power flow
calculations over the DN. This is critical, as the DN’s high R/X
ratio prevents the use of linearized power flow models. Addition-
ally, we propose a solution strategy employing a Gauss-Seidel
algorithm to address certain non-linear terms within the model
formulation. While this algorithm itself is well-established, its
application in this context is innovative, enhancing its signifi-
cance and contributing to the overall methodological framework.

Through multiple case studies, we observe significant impacts
of tariff schemes and budget levels on long-term equilibrium
outcomes. In this regard, the conclusions highlight the risk
associated with tariff-setting process by quantifying the effi-
ciency and cost allocation among prosumers of the long-term
equilibrium. Likewise, through the analysis it is possible to ob-
serve how cost-reflective tariffs tends to diminish cross subsidies
in unintended direction (from low to high-budget prosumers),
diminishing the relative cost of low-budget prosumers.

Future studies could explore the inclusion of behavioral el-
ements in assessing the long-term equilibrium of prosumer
investments, as well as non-financial aspects, such as a more
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detailed characterization of demand across different socioeco-
nomic groups.
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