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ABSTRACT 

This paper analyses the impact of substantial changes in 

energy production driven by self-supply associated with 

photovoltaic (PV) adoption, regarding the tariff rates 

payed by adopters and non-adopters and the revenues 

yielded by regulated tariffs. Three different regulatory 

design options are analysed with a model developed to 

estimate the evolution of self-supply deployment as a 

function of PV module price by: (i) the current Portuguese 

tariff structure and parameters; (ii) introducing a new 

network usage component for rate-payer energy suppliers, 

and (iii) evolving towards higher allowed revenues 

recovered through fixed tariff charges, compensating the 

decreased revenue associated with the volumetric tariff 

charge. The results of the analysis suggest that gradual 

transitions toward higher fixed Network Access charges 

do not dissuade PV deployment. 

INTRODUCTION 

Solar photovoltaic (PV) generation plays a marginal role 

in the Portuguese electrical system. In 2017, it represented 

1.6 % of total generation (852 GWh) and 2.5 % of the total 

installed capacity in Portugal (490 MW) [1]. However, 

solar energy generation costs are expected to decrease [2], 

[3], [4]. 

Portugal is one of the European countries with the highest 

solar radiation available [5], providing good conditions for 

the deployment of solar PV. With such solar radiance, 

combined with the decreasing PV module cost, distributed 

solar production is likely to increase, including self-supply 

associated with residential customers. 

In this paper, we analyse the impact of a large increase of 

PV self-generation into low-voltage (LV) networks on the 

financial results associated with different agents. We 

simulate both the expected evolution of the installed PV 

capacity and the evolution of the electrical energy costs 

supported by ratepayers with PV and without PV modules 

installed (non-adopter ratepayers). The simulations are 

based on a model assessing the economic incentives 

associated with PV installation and the evolution of 

regulated tariffs [6], [7]. 

The analysis is focused in normal low-voltage (NVL) 

ratepayers, which have a subscribed capacity up to 

41.4 kVA. 

In Portugal, regulated tariffs remunerating the electrical 

energy system regulated costs are mostly based on 

volumetric charges, particularly for NLV ratepayers [8], 

[9], [10].  

Since fixed costs are partially remunerated through 

volumetric charges, self-supply can induce cross-subsidies 

from ratepayers without PV modules towards prosumers. 

A net electrical energy consumption reduction due to an 

increase in self-supply will reduce the revenue associated 

with the variable charge, which partially remunerates fixed 

costs of the electrical energy system. Under the prevailing 

regulatory framework, a decrease in the total revenue 

yielded by the variable charge will lead to an increase of 

that charge, to allow it to recover the allowed revenue 

defined by the Regulator, leading to a greater share of the 

system’s fixed costs being borne by non-adopter 

ratepayers. 

The Portuguese self-supply regime is regulated through 

mechanisms defined in Decree-Law 153/2014. Should 

energy production exceed consumption in the facility, the 

excess energy will be exported to the network and 

remunerated through a price defined by the average 

monthly energy wholesale market price.  

METHODOLOGY 

The results presented are the outputs of a long-term PV 

self-supply and rate structure prediction model, developed 

to represent the feedback interactions between ratepayer 

adoption of rooftop PV generation technologies, and 

regulatory response in adjusting the tariff so that the 

electric energy system remains economically sustainable. 

Adoption of rooftop PV generation is based on ratepayer 

benefits that depend on the trade-off between rooftop 

system costs and on the benefits associated with reduced 

electricity bills. 

The universe of potential adopters is associated with the 

percentage of existing detached and semi-detached in 

Portugal, in relation with the total housing stock 

(apartments are less suitable for the installation of rooftop 

systems). Detached and semi-detached houses owned by 

the resident (for permanent use and excluding rented 

dwellings) represent around 30 % of the total number of 

dwellings [11], [12]. That proportion is considered as an 

upper limit for PV self-supply adoption in Portugal. The 

analysis presented in this paper consider that 20 % of the 

total number of homeowners will install PV module if they 

provide economic benefits (assuming, therefore, that some 

homeowners will not install them even if they have an 

economic incentive to do so). 
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The simulations are performed assuming that the 

ratepayers and the regulator respond rationally to the 

decisions made by each other. Three alternative regulatory 

strategies are considered (second block in the diagram in 

Fig. 1), each leading to a different state equilibrium: 

• Alternative A: The allowed revenue variations 

associated with self-supply are compensated through 

the regulated energy charge. An increase in self-

supply leads to a decrease of the remuneration 

associated with energy. That decrease is 

compensated by a price increase to ensure the same 

level of revenue; 

• Alternative B: Similar to Alternative A, but energy 

supplied to the network by self-supply units pay an 

export charge; 

• Alternative C: The regulator gradually increases the 

subscribed capacity charges, while reducing the 

volumetric charges of the Network Access charge 

(therefore increasing the fixed component of the 

Network Access charge while reducing the variable 

component). This change will shift the remuneration 

of fixed costs from volumetric to fixed charges.  

 
Fig. 1 - Interaction between customer adoption of PV modules 

for self-supply and regulatory adjustments of energy charges. PV 

module price over the years is the perturbation. The regulator’s 

response will guarantee Network Access charges allowed 

revenues, which are considered invariant, by adjusting the tariffs. 

PV module price input function 

PV module prices are considered to decrease during the 

analysis period. In this paper, three annual reduction rates 

were considered (3 %, 5 % and 7 %). 

Consumer response 

This section describes how the model determines the 

optimum PV size for each ratepayer. 

Market size for rooftop PV systems 

For the assessment of the potential market for rooftop 

systems, two assumptions were made: 

1. Only ratepayers with a subscribed capacity of 5.75 

kVA or higher are likely to install PV rooftop 

systems; and 

2. Residential rooftop systems are associated with 

detached or semi-detached houses only. 

PV module levelised cost 

PV module costs have been declining in the past and this 

trend is expected to remain in the future. According with 

[13], solar energy production costs are expected to decline 

by 50 % over the next 15 years, which corresponds to an 

annual price reduction of 4.5 %. 

PV rooftop system costs are mostly capital expenditures 

related to the initial investment; the marginal cost of 

energy is zero and the maintenance cost is negligible. The 

lifespans of PV systems can be assumed to be 15 years. 

Therefore, the Levelised Cost (LC) of the system through 

the 15 years of its expected duration is associated with the 

capital construction cost. In [4], three different discount 

rate scenarios for the capital costs are presented. These 

discount rates, r, are 3 %, the "social cost of capital," 7 %, 

the market rate in deregulated or restructured markets and 

10 %, associated with high-risk environments. 

These three scenarios for the capital cost (CC) will also be 

considered when calculating the LC of PV rooftop systems 

with (1). 

𝑳𝑪 =
𝑪𝑪

𝟏 − (𝟏 + 𝒓)−𝟏𝟓

𝒓

=
𝑪𝑪

𝟏 − (𝟏 + 𝒓)−𝟏𝟓
×𝒓 (1) 

In [4], it is presented an average rooftop cost of € 1,400/kW 

in Portugal, where PV rooftop systems are expected to 

produce 1.8 MWh/year for each kWe of installed capacity   

[14]. This value is used by the model to estimate self-

supply energy production. For a discount rate r = 10 %, PV 

deployment under the current tariff would be economically 

attractive. Since the existing installed capacity is 

negligible, we consider that homeowners demand a higher 

return, with. r = 15 %, for which the LC value is 

€ 239/year/kWe.  

Consumption profiles 

The Portuguese energy regulator publishes typical 

consumption profiles [15]. The regulator publishes 

through Directive 1/2016 average annual consumption 

values and standard deviation of the annual consumption 

values. 

Optimum PV system size for each consumer 

The long-term PV self-supply and regulated costs 

prediction model calculates the optimum PV module for 

each ratepayer category and annual consumption value. To 

perform that calculation, the model considers the fixed and 

variable charges under regulated tariffs and energy costs 

(based on 2017/18 data for the spot market price [16]), 

ignoring the commercialization margin associated with the 

supplier. 

There are 1 NLV subscribed capacity categories in 

Portugal. We assume that only NLV homeowners with a 

subscribed capacity ≥5.75 kVA might install self-supply 

units, having an economic incentive to do so. Therefore, 

for this model, the nine subscribed capacity categories 

with a subscribed capacity of at least 5.75 kVA are 

considered. These nine categories account for 72 % of 

NLV energy consumption. For each subscribed capacity 

category, the model considers thirteen different energy 

consumption levels, based on the standard deviation from 

the average consumption of that subscribed capacity (from 

-1.5 σ up to 1.5 σ, with 0.25 σ intervals). Therefore, the 

model computed the optimum self-supply installed 

capacity for a matrix of nine subscribed capacity 

categories and thirteen consumption levels. 
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C = [

𝐶1,1 ⋯ 𝐶1,13

⋮ ⋱ ⋮
𝐶9,1 ⋯ 𝐶9,13

] 

The subscribed capacity and consumption levels 

associated for each 𝐶𝑖,𝑗is associated with a load diagram 

with 15-minute resolution (therefore, 35040 values for the 

year), represented by a vector, 𝐶𝑖,𝑗
ℎ = [𝐶𝑖,𝑗

1 … 𝐶𝑖,𝑗
35040]. 

For each of these categories and consumption levels, the 

annual Network Access charge and energy costs are 

calculated, considering the different possible tariff options 

(single, bi-hourly and thrice-hourly). The annual cost is the 

smaller of those values. 

Support policies for solar PV can vary between different 

European countries, even though FiT is a frequent feature. 

The costs and benefits associated with the installation of 

PV self-supply units were calculated the Portuguese 

legislation. 

Should a self-supply unit produce, on any occasion, more 

energy than the consumed in the same installation, the 

excess energy can be sold to the network. That excess 

energy is remunerated with 90 % of the average wholesale 

market price of the previous month. For self-supply units 

with more than 1.5 kW, owners must pay a monthly fee for 

ten years to compensate for the remuneration loss 

associated with energy policy costs, which is also 

considered in the model. 

For each ratepayer category, the total energy and Network 

Access costs, that would be supported during the year 

without any PV, is calculated. Then, that total annual cost 

is calculated assuming the discrete addition of PV 

modules, through an interactive process. For this exercise, 

we assume that these discrete units have a 1.15 kW 

(equivalent to 5 A) capacity. This process is done 

consecutively, until the optimum sizing of the PV module 

of each NLV ratepayer is found. 

Regulator Response  

This section describes how the model incorporates the 

regulator responses, by adjusting the tariffs to ensure an 

adequate yield associated with Network Access charges, 

given the estimated self-supply energy production. 

Calculating the Network Access revenue  

After defining the optimum PV module size for each 

ratepayer, the total revenue associated with Network 

Access charges is calculated based on the expected annual 

load and production diagrams, which allow estimating the 

annual revenue associated with Network Access charges. 

Adjusting tariffs 

We assume that the allowed revenue associated with 

Network Access charges supported by NLV ratepayers 

should remain constant. The initial value accrued by the 

Network Access charge, as defined through [8], [9], is 

2,158 M€/year. This revenue, 𝑅𝑡 includes the subscribed 

capacity revenue, 𝑅𝑓, and the energy charge revenue, 𝑅𝑣. 

These values are calculated for each regulatory period as a 

function of the total Network Access charge associated 

with each NLV ratepayer. 

For each regulatory period, the regulator calculates the 𝛼𝑡 

parameter, dependent of the alternative chosen by the 

regulator, to set the allowed revenue and the tariffs for the 

next period, 𝑡 + 1.  

Alternative A 

The regulator adjusts the value of the variable tariff 

supported by ratepayers to ensure that the total value 

accrued remains constant. A constant is calculated, 

defining the variation of the variable tariff, as described by 

the equation: 

𝜶𝒕 =
𝑹𝒕 − 𝑹𝒇

𝑹𝒗

 
(2) 

In the subsequent iterations, Network Access tariffs are 

calculated by the multiplication of the initial value and 𝛼𝑡. 

{
𝑻𝒗

𝒕+𝟏 = 𝑻𝒗
𝒕 𝜶𝒕

𝑻𝒇
𝒕+𝟏 = 𝑻𝒇

𝒕     
 

(3) 

Alternative B 

The regulator adjusts the value of the variable tariff 

supported by ratepayers to ensure that the total value 

accrued remains constant. A constant is calculated, 

defining the variation of the variable tariff, as described 

through equations (2) and (3). 

Alternative C 

The regulator adjusts the value of the fixed tariff supported 

by ratepayers to ensure that the total value accrued remains 

constant. 𝛼𝑡 is calculated through the equation: 

𝜶𝒕 =
𝑹𝒕 − 𝑹𝒗

𝑹𝒇

 (4) 

In the subsequent iterations, Network Access tariffs are 

calculated by the multiplication of the initial value and 𝛼𝑡. 

{
𝑻𝒗

𝒕+𝟏 = 𝑻𝒗
𝒕     

𝑻𝒇
𝒕+𝟏 = 𝑻𝒇

𝒕 𝜶𝒕 
(5) 

DATA AND RESULTS 

Data Used in the Model 

For allowed revenue definition purpose, total energy 

demand in Portugal, in 2018, was expected to be 

45.3 TWh, including 18.3 TWh associated with NLV 

demand, including public lighting [9]. 

The electrical energy cost used is obtained from OMIE (the 

Iberian Market Operator of the electrical energy market), 

with hourly resolution [16].  

The regulator publishes typical production and 

consumption profiles [15], with 15-minute resolution. 

Average annual consumption values and standard 

deviation of the annual consumption values were 

published through Directive 1/2016.  This Directive does 

not refer which probabilistic distribution function 

characterizes the annual consumption of the ratepayers, for 

each level of subscribed capacity. However, since the 

standard deviation is higher than the average for some 

subscribed power capacities, it is safe to assume that 

consumption patterns are not normally distributed. We 

therefore assumed that the best fit function representing 
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the dispersion of consumption patterns is provided by the 

lognormal.  

The model developed to assess the behaviour of ratepayers 

and the regulator described in this paper will consider 

different ratepayer consumption for each level of 

subscribed capacity, according with the lognormal 

distribution. The annual consumption associated with 

ratepayer groups, for each subscriber capacity, is defined 

by the equation: 

𝑫 = 𝒆𝝁+𝒁𝝈 (6) 

Where D refers to the consumption level and 

Z={−1.5, −1, … ,1.5}. 

Simulation Results 

The results of the simulations performed with the long-

term PV self-supply and regulated costs prediction model 

are presented. These simulations assess the effects 

associated with the expected trend of PV module price 

reduction and deployment in the network, for three 

alternatives regulatory interventions (A, B, and C). 

Customer response to unchanged tariffs 

This section describes the customer response yield by the 

model described in Fig. 1. The results presented estimate 

total PV self-supply production, if charges and energy 

costs remain invariant (customer response considering 

only the model input related to PV module price 

variations).  

The expected installed capacity as a function of PV module 

LC, for the two alternative rate structures is presented in 

Fig. 2Error! Reference source not found.. 

 
Fig. 2 - Total self-supply installed capacity associated with NLV 

ratepayers as a function of PV modules levelised cost, for two 

different rate structures (considering the current Portuguese tariff 

and with the introduction of a charge associated with energy 

supplied into the grid). 

Regulatory response 

This section describes the regulator response yield by the 

model described in Fig. 1. The results estimate Network 

Access costs associated with the current tariff, as a 

function of total installed self-supply capacity associated 

with NLV ratepayers. The results associated with 

volumetric (energy) charges for NLV ratepayers with 

subscribed capacities less than 20.7 kVA, considering 

three hourly periods, are presented in Fig. 3. Subscribed 

capacity charges remain constant under the current tariff. 

 
Fig. 3 - Network Access energy charge for NLV with subscribed 

capacity < 20.7 kVA (three periods) as a function of total self-

supply installed capacity. 

Prediction model for the long-term PV self-supply and 

regulated tariffs results 

This section describes the long-term PV self-supply and 

regulated tariffs yielded by the model described in Fig. 1. 

The results presented estimate total PV self-supply, 

assuming that tariffs evolve as a result of the regulator's 

response. 

These simulations allow us to analyse a range of PV 

module price reduction compatible with the historical 

trend, as presented in [13]. They provide a sensitivity 

analysis for the expected outcome of the different 

alternative rate structure (A, B, and C), according to a 

range of expected PV module price reduction. Results are 

presented in Fig. 4, with annual price decreases for PV 

modules of 3 %, 5 %, and 7 %. For an annual 5 % price 

decrease (solid lines), total energy produced will be 

1.6 TWh after 15 years for alternatives A and C and 

1.5 TWh for alternative B.  

 
Fig. 4 - Simulation results of total energy produced by PV 

modules associated with NLV ratepayers for alternatives A, B 

and C, and annual PV module price reductions of 3 %, 5 % and 

7 %, for a 15-year period. 

Even though PV energy production is similar for 
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alternatives A and C, the tariff structure would be different 

to allow the Network Access charge to yield the same 

allowed revenue.  

To assess the policy implications associated with choosing 

either rate structure, it is also necessary to evaluate the 

evolution of the costs borne by non-adopter ratepayers 

under regulated tariffs. This evaluation is presented in Fig. 

5 for selected ratepayers categories, representing 90 % of 

NLV ratepayers and 83 % of NVL demand. A scenario 

with a 5 % annual price reduction of PV modules leads to 

a large increase in PV self-supply. 

 

 
Fig. 5 - Simulation results of the annual cost associated with 

Network Access charges for selected NVL non-adopter ratepayer 

categories. Annual costs presented refer to the simulation results 

at the end of a 15 year-simulation, assuming an annual reduction 

of PV module prices of 5 %. 

CONCLUSIONS AND POLICY 

IMPLICATIONS 

We developed a model to simulate the interactions 

between PV market evolution and rate structures under 

regulated tariffs. Interaction results for different PV 

market price reduction scenarios and three rate structures 

were analysed.  

The simulation suggests that the transition to rate 

structures with a higher proportion of fixed charges, 

through an increase of the subscribed capacity charge, (i) 

will not slow-down the adoption of PV systems by 

homeowners, (ii) leads to total energy production similar 

to that achieved under the current tariff, and (iii) might lead 

to a lower increase in the regulated costs of non-adopter 

ratepayers than under the current tariff.  

Instead, the simulation suggests that the transition to a 

regulated tariff that would charge for injecting energy into 

the grid discourages growth in PV system adoption.  

Results allow policy-makers and regulators to gain insight 

into the effects of PV module prices decreasing onto the 

expected deployment scale of PV generation as well as the 

corresponding remuneration of the electric utilities 

through alternative rate structures. 
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