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Highlights 

• Distributional impacts assessed for decentralized renewable generation (DREG) 

• Large trade-offs found between cost-efficient vs. regionally equitable allocation  

• Least-cost allocation implies concentrating DREG to few most productive sites only 

• Solar PV is key for more regional equity with small trade-offs in generation costs 

• Policies for cost-efficient DREG allocation risk strengthening regional disparities 

 

Abstract 

Decentralized renewable electricity generation (DREG) has been growing at an unprecedented 

pace, yet the appropriate spatial allocation and associated regional equity implications remain 

underinvestigated. In this study, we quantify the trade-offs between cost-efficient (least-cost) 

and regionally equitable DREG allocation in terms of electricity generation costs, investment 

needs, and DREG capacity requirements. Using the case of the ambitious and publicly-

approved Swiss Energy Strategy 2050, we set up a bottom-up, technology-rich electricity 

system model EXPANSE with Modeling to Generate Alternatives at a spatial resolution of 

2’258 Swiss municipalities. In order to measure regional equity implication, we adapt the 

concepts of the Lorenz curve and the Gini coefficient. We find a significant trade-off by 2035 

in Switzerland: 50% increase in regional equity when allocating DREG to various Swiss 

regions on the basis of population or electricity demand leads to 18% higher electricity 

generation costs. Least-cost allocation implies concentrating DREG and associated 
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investments to few most productive locations only. Solar PV is the key technology for 

increasing regional equity. We conclude that in countries with spatially-uneven DREG 

resources like Switzerland, any policies that focus on cost efficiency should anticipate regional 

equity implications in advance and, if desired, minimize them by promoting solar PV. 
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1. Introduction   

The last decade was characterized by the largest ever increase in installed capacity of 

decentralized renewable electricity generation (DREG, i.e., solar PV, wind, biomass, and small 

hydropower) as well as by falling costs [1]. Installed solar PV capacity grew globally about 

fiftyfold, followed by wind energy that rose nearly sixfold [2]. Growth of solar PV was mostly 

driven by substantial reductions in technology cost, where PV module prices decreased by 81% 

since the end of 2009 [1], as well as a result of generous policy incentives in some countries. 

The increased deployment of DREG is foreseen to continue in the future, and it is very much 

needed in order to reduce greenhouse gas emissions and local pollution, contribute to national 

energy security and economic growth, create jobs, and provide affordable and reliable energy 

for all [1]. As in every transition, however, there is a risk that some regions are more able than 

others to build DREG [3,4]. Low-carbon transition that is based on DREG thus risks generating 

new patterns of spatially uneven regional development, such as the clustering of DREG 

investments, jobs, or policy support to few locations [5]. Finding ways to address regional 

distributional impacts and to anticipate potentially emerging inequities is a new and recently 

noticed policy challenge [6]. 

 

In the global context, Switzerland plays a pioneering role with its ambitious Energy Strategy 

2050 that, for the first time worldwide, has been approved in a national referendum in 2017 by 

58% of the Swiss voters [7]. In the electricity sector, the Energy Strategy 2050 sets a centrally-

coordinated framework to support DREG and efficiency improvements in order to replace five 

existing nuclear reactors that currently constitute 32% of the electricity mix [8]. The non-hydro 

DREG (i.e., solar PV, wind, biomass, and enhanced geothermal systems) therefore need to 

grow from 2.5 TWh/year in 2017 to 11.4 TWh/year in 2035 [9] and they are incentivized by 

one-time subsidies or feed-in-tariffs. The early evidence shows that DREG was adopted 

regionally unevenly so far [10], but little is known to what extent the emerging spatial pattern 

can have unintended consequences in terms of DREG generation costs or regional equity 

implications.  

 

Cost-efficient and regionally equitable spatial deployment of DREG can both have positive 

and negative implications on the cost, social acceptance and system-wide output variability of 

DREG. From an investor “component-level” perspective, a cost-efficient DREG allocation is 

desirable as it maximizes electricity generation at minimum electricity generation costs [11]. 

However, such an allocation strategy could be problematic for society, as it encourages a 
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clustering of DREG to only few locations with the best harvesting conditions [12]. In addition, 

there is a broader realization that component-level efficiency does not necessarily coincide 

with whole-system efficiency [11–13]. Studies have shown that more even distributions of 

intermittent wind and solar installations can be more cost-efficient, if transmission and storage 

costs are included [12,14,15].  

 

From a policy perspective, spatially-even DREG allocations could be more desirable, as an 

unequal regional distribution of investments, policy support, or other economic benefits could 

raise public concerns [16] and increase policy implementation risk [17]. With rapidly rising 

numbers of DREG, there is an increased risk of public aversion, which can be provoked by 

human disturbances caused by wind turbines [18], solar panels [19], or enhanced geothermal 

systems (EGS) [20]. In order to ensure a just transition with low implementation risks, a more 

holistic approach is required that considers social equity and acceptability of new DREG 

installations. Distributional justice of energy infrastructure represents a call for a more 

equitable distribution of benefits and burdens on all members of society regardless of income, 

race and other factors [21]. From a sub-national perspective, regional equity is also desirable 

for enabling a renewable transition with maximum attention to local needs [17].  

 

Apart from potentially higher public acceptance [22], reduced policy implementation risk [17], 

and a more even distribution of benefits and burdens of energy developments, regional equity 

also has advantages from a technical standpoint too. Electricity that is supplied close to demand 

reduces the need for complex and extensive new transmission lines [14,15].  In addition, 

regional equity can support the balancing of decentralized and naturally volatile DREG 

electricity supply [23]. Spatially disaggregating weather-dependent DREG across different 

regions can counterbalance spatially- and temporally-correlated weather patterns [24–26]. 

Regional equity can therefore make power systems with high shares of DREG more resilient. 

In practice, however, the allocation of DREG is less a question of optimal spatial allocation 

and more dependent on local planning, political decisions and policy choices [11]. In the case 

of solar PV, for example, exploitable solar PV potential, regional spillover effects, economic 

resources, home ownership and population density [10,27–29] were found to be the key 

predictors of regional PV penetration. 

 

Several studies so far assessed the implications of various spatial allocation strategies for 

DREG. Using spatially-explicit electricity sector modeling, most studies investigated the least-
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cost DREG allocations [30,31], focused on the implications of weather effects on DREG siting 

[23,32], or quantified the regional economic impacts of several existing DREG scenarios [4]. 

More recently, new electricity system models which directly incorporate energy justice 

principles have been developed to propose more equitable energy developments – for example 

regarding the equitable distribution of energy infrastructure in Germany [12] or regarding the 

equal access of electricity in sub-Saharan Africa [33]. In the former example, Drechsler and 

colleagues [12] developed a spatially-explicit model for Germany in order to, for the first time, 

assess the trade-off between regionally equitable and cost-efficient allocation of wind turbines 

and open-field solar PV. The study found a weak and hence thought-provoking tradeoff: there 

is only 2% difference in total generation costs between cost-efficient and regionally equitable 

allocation of these plants in Germany. Significant increases in regional equity can be achieved 

with very small increases in costs, when not all wind turbines are located in the windy North 

of Germany and not all solar panels in the sunnier South. While providing an essential first 

step of quantifying the trade-off, this study only analyzed wind and solar PV and neglected the 

rest of the electricity generation mix with centralized and decentralized generators. The study 

also focused on the case of Germany with relatively evenly distributed solar and wind resources 

and it is unclear whether the same conclusions of negligible trade-off would apply elsewhere.    

 

What is lacking in the current scarce scientific evidence is a more nuanced understanding of 

the trade-offs between regionally equitable and cost-efficient (least-cost) allocation strategies 

for the rapidly growing DREG. First, especially in countries like Switzerland with spatially 

uneven renewable energy resources, the trade-offs can be expected not to be negligible. 

Second, in-depth assessments of the actual spatial patterns in DREG growth are necessary [11] 

in order to identify whether DREG transition is on a path to deepen regional disparities or to 

deviate from cost-efficient futures.  

 

In this study, we explore the issue of where to appropriately allocate DREG in Switzerland by 

combining spatially-explicit electricity sector modelling with energy justice theory. 

Specifically, we focus on assessing the distributional trade-offs of DREG allocation in terms 

of cost-efficient and regionally equitable justice principles. In Section 2, we briefly introduce 

the key concepts of energy justice theory and propose an overall framework of distributional 

energy justice, in which we embed our analysis. Then, we set up a bottom-up, technology-rich 

electricity system model EXPANSE with Modeling to Generate Alternatives at a spatial 

resolution of 2’258 Swiss municipalities. Using this model, we quantify the trade-offs between 
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cost-efficient (least-cost) and regionally equitable DREG in Switzerland in terms of electricity 

generation costs, investment needs, and DREG capacity requirements.  

 

2. Overall framework of distributional energy justice 

Energy justice has emerged as a new interdisciplinary research field which seeks to apply 

justice principles to energy policy, energy production, energy consumption, energy activism, 

energy security, and climate change [21]. In order to explore existing energy challenges 

through the lens of social justice theory, a range of conceptual frameworks has emerged. 

Jenkins et al. [21] propose a framework with three considerations of justice: to identify the 

distributional benefits and burdens of energy developments (distributional justice), to identify 

who they affect (recognition-based justice), and to identify strategies for remediation 

(procedural justice). Sovacool et al. [34] explore a wide range of energy justice issues such as 

energy-related human rights abuses, energy poverty and negative externalities across several 

dimensions, including time, economics, politics, geography, and technology. In an attempt to 

qualitatively evaluate the impact of replacing coal-fired power plants with wind turbines and 

solar panels, Chapman et al. [35] introduce an equity factor framework which enhances the 

standard cost mitigation approach by additionally considering equitable outcomes for society 

in terms of regional greenhouse gas reduction, health, employment and electricity prices.  

 

We adapt the above-mentioned concepts to derive an own overall framework of distributional 

energy justice (Fig. 1). The proposed framework is an effort to conceptualize and measure the 

distributional impacts of DREG allocation. We include three energy justice types: 

distributional, procedural and recognition justice [21]. Our framework focuses in detail on 

distributional justice, for which we further distinguish between three dimensions: across time, 

society, and space. Distributional justice across time relates to intergenerational justice and 

injustice, such as environmental externalities caused by the energy system (e.g. impacts and 

mitigation of climate change, resource depletion, or nuclear waste). The societal dimension 

reflects justice and injustice, such as the unequal impact of energy on low- vs. high-income 

households or social marginalization of certain groups of society. The third dimension across 

time examines justice and injustice, such as regionally uneven environmental and economic 

developments. Within the spatial dimension, we distinguish between the main categories of 

equity factors: energy technology, economic costs and benefits, energy access and security, 

environmental impacts, health impacts and impacts on employment and income.  
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Figure 1. Energy justice framework including energy justice types (1) and dimensions (2), 

equity factors (3), and equity principles (4) 

 

We include four equity principles for distributional justice as proposed by Höhne et. al. [36]: 

equality, cost-efficiency, capability, and responsibility. Equality (e.g. regional equity) relates 

to the egalitarian principle, which translates into the equal allocation of benefits and burdens 

across all members of society, space or time [37]. In contrast, the cost-efficiency principle 

relates to utilitarianism which aims to maximize the total sum of utilities of society [38,39]. 

The capability principle is often referred to as “capacity” or “ability to pay for mitigation” [36]. 

Under this principle, it is equitable if more capable regions (e.g. regions with higher gross 

domestic product) have, for example, more ambitious DREG adoption targets. The 

responsibility principle states that it is equitable if regions with, for instance, higher historical 

contribution to global emissions do more than others [36].  

 

This paper attempts to enrich traditional electricity sector modelling by directly incorporating 

some of the before mentioned concepts of energy justice. In our model, we assess the trade-off 

between cost-efficient and regionally equitable allocation of DREG in terms of electricity 

generation cost, DREG installed capacity and capital investments. The equity indicators that 

are relevant for this study are shaded in black in Fig. 1. In Section 3, we briefly introduce our 

model, the required data and our methodological approach are described. 
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3. Methods 

3.1 EXPANSE electricity system model 

In this study, we use a spatially-explicit, bottom-up, technology-rich, perfect-foresight 

electricity system model called EXPANSE (EXploration of PAtterns in Near-optimal energy 

ScEnarios) [40–42]. The detailed documentation of the model can be found in the 

Supplementary Information. We apply EXPANSE to assess a total of 2’000 spatial DREG 

allocation scenarios in all 2’258 Swiss municipalities for the year 2035. In order to 

computationally accommodate the high spatial resolution and high number of scenarios of our 

model, we analyze annual demand and supply sums only. Yet, we also ensure that maximum 

amounts of DREG integration do not exceed the technical limits from Swiss studies with higher 

temporal resolution [15].  

 

As a bottom-up model, EXPANSE relies on the linear optimization of total electricity 

generation costs at a municipal level with national-level constraints. In this way, EXPANSE 

puts municipal decisions on DREG siting at the core rather than assumes a federal-level central 

planner as other bottom-up models [43]. EXPANSE includes spatially-refined data on the 

Swiss electricity demand and generation for the key centralized technologies (large 

hydropower dams, large run-of-river hydropower, and gas power plants), DREG technologies 

(small hydropower, solar PV, wind turbines, EGS, woody biomass, biogas, and waste 

incineration), net import, and electricity savings through end-use efficiency measures (see 

Supplementary Information). We do not consider open-field solar PV in our model, as these 

are almost non-existent in Switzerland and are unlikely in the future due to social concerns 

over land use [44].  

 

By applying state-of-the-art Modeling to Generate Alternatives (MGA) method [40,41,45], 

EXPANSE does not only investigate cost-efficient (least-cost) scenarios of DREG allocation 

but also computes 2’000 so-called near-optimal scenarios that have up to 20% higher total 

electricity generation costs. In this way, the trade-off between regional equity and cost-

efficiency can be quantified for a very large number of scenarios that are still at reasonable 

costs. Regarding the predefined value of slack, existing modeling studies typically assume 10-

30% [42,43,46,47]. For the study reported here, a maximum slack of 20% is assumed because 

the aim is any way to illustrate the gradient in terms of increasing total system costs and 

regional equity. 
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3.2 Regional equity quantification 

In accordance with the equality principle described in Section 2, we define regional equity as 

the spatially even distribution of DREG electricity generation. Specifically, two regional equity 

indicators are calculated: even DREG allocation on the basis of population size or on the basis 

of electricity demand of each municipality. In our definition, it is perfectly regionally equitable 

(Equity=100%) if every municipality produces the same amount of DREG electricity per capita 

or per kWh of demand, and it is perfectly regionally inequitable (Equity=0%) if all DREG 

electricity is generated by only one municipality.  

 

We measure the regional equity performance of each spatial allocation scenario by using an 

adapted Gini index, which is similar to the method described by Drechsler et al. [12]. The Gini 

index is a common statistical indicator for measuring the uniformity within a given distribution 

[48]. The graphical representation of this adapted Gini index is the Lorenz curve (Fig. 1), which 

shows the proportion of total DREG electricity that is generated by the cumulative municipal 

population share or electricity demand share. The equity index of 0% to 100% is equal to 100% 

minus the ratio of the area that lies between the perfect equity line and the Lorenz curve 

(marked as A in Fig. 1) over the total area under the perfect equity line (marked as A and B): 

Equity = 100% – A / (A + B).  

 

Figure 2: Graphical representation of the adapted Gini coefficient (Lorenz curve). 

 

In contrast to the proposed method by Drechsler et al. [12], we assess the Gini index not only 

for solar PV and wind, but for a wider range of DREG by including biomass, EGS and small 

hydro generators. In addition, we do not normalize DREG electricity generation by its technical 
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potential. Doing so would alleviate the cost-equity trade-off, as the technical potential and 

levelized cost of electricity are negatively correlated. 

 

3.3 Defining the least-cost, maximum equity, and current trend scenarios 

The least-cost scenario is defined as the spatial allocation scenario with the lowest total 

electricity generation costs and it is the first output of the optimization model EXPANSE. The 

optimization occurs for each municipality individually and the municipal outputs are 

aggregated to the national level. The maximum regional equity is defined as the scenario with 

the highest regional equity score (proportional to population or electricity demand) within the 

set of 2’000 near-optimal spatial allocation scenarios. The current trend scenario is a synthetic 

scenario that represents the continuation of the current trends of financially-supported DREG 

diffusion in Switzerland and it is constructed by applying two methods. With the first method, 

we extrapolate the electricity generation from woody biomass and biogas systems by applying 

a linear extrapolation of the latest 5-year trend (2013 – 2017) [49]. For all other DREG, we 

adopt the “business-as-usual” projection for 2035 from [50,51] and apply the regional 

proportions of the current spatial allocation. The electricity generation in each municipality 

will increase (or decrease) to a predicted value [50,51], mainly due to efficiency increases or 

due to additional installations (e.g., more solar PV panels or wind turbines). In each 

municipality, the maximum electricity that can be generated by each DREG remains bounded 

by technical, environmental, and legal limits. 

 

3.4 Scenario modelling approach 

Initially, we determine the least-cost (cost-efficient) spatial allocation of DREG on a municipal 

level, so that the Energy Strategy 2050 target of 11.4 TWh electricity from non-hydro DREG 

is reached at minimum total electricity generation cost. Next, we explore near-optimal spatial 

allocation scenarios by allowing electricity generation costs to be up to 20% higher than the 

electricity generation costs in the least-cost scenario. Using the generated set of least-cost and 

near-optimal spatial allocation scenarios, we finally explore the trade-offs in terms of 

electricity generation cost, capital investment needs, DREG capacity, and regional equity. 

From the 2’000 national scenarios, we also select four distinct scenarios for in-depth analysis: 

the least-cost scenario, two scenarios with the highest regional equity scores per person and 

per kWh, and the current trend scenario. For each of these four scenarios, we again analyze 

their total electricity generation costs, required DREG investments and capacity, and regional 

equity outcomes per person and per kWh.  
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4. Results and discussion 

4.1 Trade-offs between electricity generation costs and regional equity 

We find a substantial trade-off between cost-efficient (least-cost) and regionally equitable 

DREG allocation strategies in Switzerland (Fig. 3). The least-cost scenario is the least 

regionally equitable scenario, and the most regionally equitable scenarios have the highest 

electricity generation costs. In the least-cost scenario for 2035, where total electricity 

generation costs are minimized for each Swiss municipality, the total electricity generation 

costs for Switzerland as a whole, including DREG, centralized generation, and electricity 

import, are 8.54 Rp./kWh (100 Rp.≈100 US cents). The Gini-coefficient’s values for regional 

equity are 28.6% (weighted by population) and 28.3% (weighted by electricity demand). In the 

most regionally equitable scenarios by population and by electricity demand, the total 

electricity generation costs are up to 18% higher and equal to 10.10 Rp./kWh and 10.04 

Rp./kWh, respectively. The regional equity outcomes are 43.1% by population and 43.0% by 

demand. By comparing the least-cost and maximum equity scenarios, we find that an increase 

in regional equity per population by 50% from the least-cost scenario leads to an increase in 

electricity generation costs of 18% (+1.56 Rp./kWh). Our results suggest that at least in 

Switzerland, where DREG resources are not evenly distributed throughout the country, the sole 

focus on the cost efficiency principle in siting DREG means that DREG installations will be 

spatially concentrated to fewer locations. The strategy of a regionally equitable DREG 

distribution comes with a significant negative impact on electricity generation costs. When 

examining the current trend scenario, we find that it deviates from this Pareto frontier of equity-

costs trade-off in terms of both, electricity generation cost and regional equity (Fig. 3). This 

finding, therefore, indicates that there is space for improvement in Switzerland, either in terms 

of lowering generation costs or improving regional equity when allocating DREG.  
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Figure 3: Trade-off between regional equity and total electricity generation cost for 2’000 

spatial scenarios of DREG allocation in Switzerland in 2035. Note: 100 Rp.≈100 US cents 

 

4.2 DREG share in the electricity generation mix and spatial DREG distribution  

We further analyze the share and composition of DREG in the electricity generation mix for 

the four selected scenarios: least-cost, current-trend, and maximum regional equity by 

population and by electricity demand (Fig. 4). In all scenarios, solar PV is the most dominant 

DREG technology due to the expected decrease in its costs by 2035. With increasing regional 

equity, DREG increases, and we especially find an increasing share of electricity generated by 

solar PV (8% in the least-cost scenario vs. 20% in the maximum equity scenarios). This result 

suggests that solar PV is the key technology in Switzerland for achieving as regionally 

equitable transition as possible at reasonable costs. The reason is that PV panels are far less 

technically and economically confined to particular regions in contrast to biomass, wind, small 

hydro or EGS. In the case of Switzerland, they can be deployed in any inhabited area and hence 

follow the same pattern as our regional equity indicators by population or by electricity demand 

(open-field PV is not considered in the Energy Strategy 2050). In fact, we find that both of the 

maximum regional equity scenarios do not differ considerably in terms of the share and 

composition of DREG and non-hydro DREG can generate up to 19.9 TWh of electricity per 

year as compared to 11.4 TWh in the least-cost scenario. This result indicates that regionally 

equitable scenarios with up to 20% higher total costs than in the least-cost case can even exceed 

the Energy Strategy 2050 target of 11.4 TWh of non-hydro DREG electricity by 75%. 
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Figure 4. DREG share in the total electricity generation mix in 2035 

 

Fig. 5 shows the spatial distribution of the cumulative installed capacity of DREG in 

Switzerland from 2016 to 2035 in all four scenarios. In the least-cost scenario, up to 500MW 

of installed wind capacity is concentrated in the canton of Vaud (Fig. 5a), where there are 

relatively strong winds and relatively low legislative land constraints for wind turbine 

installations. In our analysis, wind turbines in canton of Vaud can competitively generate up to 

1.37 TWh of electricity per year. With increasing regional equity, mostly solar PV is installed 

evenly per capita or per consumed kWh across all the Swiss cantons due to comparatively low 

variations in PV costs, solar irradiation, and available rooftop area. Regionally equitable 

scenarios weighted by population see a stronger uptake of solar PV in highly populated urban 

cantons of Zurich and Geneva (Fig. 5c). If regional equity is weighted by electricity demand 

instead (Fig. 5d), a more substantial uptake in solar PV is required in highly industrialized 

cantons such as Basel-City (+500MW) and Vaud (+400MW), while less is required in Zurich 

(-200MW) and Geneva (-400MW). In the current trend scenario, most additional DREG 

capacity is allocated to more rural areas in the Northeast of German-speaking Switzerland (Fig. 

5b). This is neither fully in line with cost efficiency nor with regional equity allocation 

principles because new DREG is built in locations with relatively lower population, lower 

electricity demand, lower electricity generation potential, and higher electricity generation 

costs.   
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Figure 5. Cantonal distribution of cumulative DREG installed capacity in 2016-2035 for: a) 

the least-cost scenario, b) current trend scenario, c) maximum regional equity scenario by 

population and d) maximum regional equity scenario by electricity demand.  

 

4.3 Spatial distribution of DREG investments and regional equity 

Fig. 6 shows the cantonal distribution of cumulative capital investments that are needed for 

DREG in Switzerland in 2016-2035 in the four scenarios. In the least-cost case (Fig. 6a) the 

total required investment for DREG is CHF 10.0bn (1 CHF ≈ 1 USD). The largest share is 

allocated in the canton of Vaud (CHF 1.7bn = 17% of the total investment in the country) due 

to the need to install wind turbines in this region. In order to achieve maximum regional equity, 

total investment needs for DREG increase considerably to CHF 24.5bn (Fig. 6c) and CHF 

24.6bn (Fig. 6d). Such a substantial increase occurs because DREG is investment-intensive as 

compared to the centralized generation or electricity import (Fig. 4). If regional equity is 

weighted by population (Fig. 6c), more investments should be allocated to highly populated 

cantons of Zurich (17%, CHF 4.1bn) and Geneva (6%, CHF 1.4bn). If regional equity is 

weighted by electricity demand (Fig. 6d), higher shares of investment should go to more 
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industrialized cantons such as Vaud (13%, CHF 3.3bn), Tessin (7%, CHF1.7bn), and Basel-

City (3%, CHF 0.8bn). The current trend scenario (Fig. 6b) sees similar total investment needs 

as in the least-cost case (CHF 8.8bn in total), but with a very different spatial allocation pattern. 

This is especially notable in the canton of Vaud, where only 7% of total DREG investments 

are located (CHF 0.6bn). In this case, the highest share of investments is dedicated to the canton 

of Bern (18%, CHF 1.6bn). 

 

Figure 6. Cantonal distribution of cumulative DREG investment needs in 2016 – 2035: a) the 

least-cost scenario (CHF 10.0bn in total), b) current trend scenario (CHF 8.8bn), c) maximum 

regional equity scenario by population (CHF 24.5bn) and d) maximum regional equity by el. 

demand (CHF 24.6bn). Note: 1 CHF ≈ 1 USD. 

 

Fig. 7 depicts the trade-off curve between regional equity and required DREG investments 

until 2035 for all 2’000 spatial allocation scenarios. We again find a significant trade-off: in 

the least-cost case, the DREG investment needs amount to CHF 10.0bn and regional equity is 

28.3%. In the maximum regional equity case, the DREG investments amount to CHF 24.5bn 

(weighted by population) and CHF 24.6bn (weighted by demand), whereas regional equity is 
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43.1% and 43.0%, respectively. Comparing the least-cost and maximum regional equity 

scenarios, we find that an increase of 50% in regional equity per population requires 145% 

higher investments (CHF 14.5bn). In comparison, the DREG investment in the current trend 

scenario is CHF 8.8bn with a regional equity score of 28.7% by population and by demand. 

Therefore, the current allocation trend is just slightly more regionally equitable (+1.3%) than 

the least-cost spatial allocation of DREG, but it is still one of the least regionally equitable 

scenarios in our scenario set. This current-trend scenario also has the lowest additional DREG 

investments of all scenarios. But unlike all other scenarios, it does not achieve the Energy 

Strategy 2050 target of 11.4 TWh non-hydro DREG per year and hence it needs 12% lower 

investment than in the least-cost scenario. This finding suggests that the current DREG 

investments could be in the future allocated either in a more cost-efficient way with similar 

regional equity outcomes or in a way that also improves regional equity. 

 

Figure 7: Trade-off between regional equity and required DREG investments in  

2016 – 2035 for 2’000 scenarios of spatial DREG allocation in Switzerland. Note: 1 CHF ≈ 1 

USD. 

 

4.4. Limitations and future research needs 

With the methods shown in this work, we were able to quantify the trade-offs of regionally 

equitable and least-cost distributions of DREG systems regarding electricity generation cost, 

capacity requirements and investment needs. Despite the valuable and first-of-the-kind insights 

gained, some limitations may impact the outcome of our results. First, our model optimizes for 

each municipality individually which does not happen in reality. Instead, electricity is managed 

by utilities on a regional level (with multiple municipalities) and by a transmission system 

operator (TSO) on a national level. Therefore, in the future, it would be more realistic to 

aggregate the individual municipalities in utility service zones or to apply a national-level 
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optimization. Second, at this stage, we do not include the transmission and distribution (T&D) 

grid and we do not model the required grid and storage expansion costs. Our study, therefore, 

for the first time quantifies only the impacts of regional equity on electricity generation, 

whereas these considerations on T&D and storage should be included in the future versions of 

the model. On the one hand, this has already been modelled in a different study on Switzerland 

[15], which found that the overall net economic benefits for the whole electricity system (such 

as from reduced electricity and fuel imports) outweigh the storage and grid expansion costs, 

and that these expansions are economically and technically feasible even for scenarios with 

high amounts of wind and solar electricity. Regarding the spatial allocation of DREG, 

Drechsler and colleagues [12] show, that the inclusion of the transmission grid would 

encourage a more equitable allocation of DREG installations to areas with high population and 

high electricity demand. Third, due to constraints of computing time, we did not consider the 

volatility of electricity demand and generation and considered only annual sums, but we 

checked that all of the EXPANSE scenarios would be feasible in light of other existing studies 

with higher temporal resolution.  

 

Lastly, the trade-off concerning regional equity largely depends on how the equity is defined. 

As indicated in the proposed distributional energy justice framework (Fig. 1), our quantitative 

modelling and equity trade-off analysis are by no means exhaustive, as we focus only on few 

equity indicators. Further research should follow this framework and thus expand the 

assessment to other distributional impacts, such as on energy poverty, income inequality, job 

creation, greenhouse gas reductions, or health impacts. Nevertheless, we show that by assessing 

trade-offs between cost-efficient and regionally equitable DREG allocation in terms of 

generation cost, capacity requirements and investment needs, researchers can already add 

significant contextual relevance for policy makers and widen the understanding of 

distributional impacts. 

 

5. Conclusions 

The rapid transition from centralized electricity generation to DREG will inevitably change the 

spatial fingerprint of the electricity sector and it could lead to land use conflicts, public 

acceptance issues, and new regional disparities. In theory, any form of transformation should 

benefit society as a whole and all its regions, not just where it is most cost-effective or 

convenient. While most electricity sector models rely on cost-effective allocation of DREG, 

researchers have indicated the need for a broader recognition of equitable distributional impacts 
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arising from DREG diffusion [11,12,34]. In this study, we briefly introduced an energy justice 

framework that could guide quantitative analysis. In terms of regional distributional trade-offs 

of DREG allocation, we find that in countries like Switzerland, where the energy resources can 

vary quite significantly from location to location, there is a significant and direct trade-off 

between regional equity in DREG allocation and total electricity generation costs. The higher 

generation costs are acceptable – the more regionally equitable DREG transition can be 

ensured. If the aim is to keep electricity generation costs as low as possible, then electricity 

generation needs to be concentrated in the most productive locations only. The technology with 

relatively low trade-off is solar PV due to its expected significant decreases in costs as well as 

the relatively low regional variation in electricity generation potential and investment costs. 

There is no surprise that solar PV is often researched in social scientific literature on inclusive 

and just transition. 

 

We find that the policy focus on cost efficiency would lead to large concentrations of DREG 

to few locations in Switzerland and hence would encourage an uneven regional distribution. 

Currently, the federal economic incentives in the form of feed-in tariffs and one-time subsidies 

risk fortifying the observed regional disparities but may eventually keep the energy transition 

closer to the least-cost path. However, the current trend is that the actual transition deviates 

from both, least-cost and regionally-equitable paths (Fig. 3). Current economic incentives 

typically do not include mechanisms to additionally incentivize regionally equitable DREG 

diffusion, if DREG would not always perform at its best in terms of generation costs. Whether 

policy adjustments are needed and how much weight should be given to regional equity versus 

generation costs are ultimately the questions of values, as our trade-off curves show (Fig. 3). 

In any case, due to the rapid growth of DREG and the fact that DREG systems are difficult to 

reallocate once they are built, now is the right time to reflect on the appropriate spatial DREG 

allocation and the incentive mechanisms.  

 

Even with its scarce and uneven energy resources, Switzerland has a realistic chance to reach 

its Energy Strategy 2050 target and cover 20% of its electricity demand with DREG by 2035 

in both cases: focusing on cost efficiency or focusing on regional equity. In fact, a regionally 

equitable strategy would lead to a higher adoption of DREG of up to 33% of total electricity 

demand. Up to 20% of total electricity demand could be supplied by cost-effective solar PV. 

This would be a win for the sustainable energy vision. In any other country that can allow some 
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leeway to deviate from the cost efficiency principle, the focus on increasing regional equity 

performance would also have positive impacts on the diffusion of DREG, especially solar PV.   
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S.1 Nomenclature 

 

n total number of electricity generation, net import and electricity savings 

technologies; 

N number of technologies to be optimized; 

i set of indices of any electricity generation, net import and electricity savings 

technology, 𝑖 = 1,2, … , 𝑛; 

D total electricity demand per municipality, in MWh/year; 

𝑥𝑖 generated electricity by technology i in the municipality, in MWh/year; 

𝜃𝑖 own electricity use by technology i, in % (see Table SM.1); 

𝑃𝑚𝑎𝑥,𝑖 maximum annual potential of generated electricity of each technology 𝑖 in the 

municipality, in MWh/year; 

𝑃𝑚𝑖𝑛,𝑖 minimum annual potential of generated electricity of each technology 𝑖 in the 

municipality, in MWh/year, defined by currently existing (2016) electricity 

generators and the least-cost spatial allocation of DREG to reach the Swiss 

Energy Strategy 2050 target; 
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𝛼𝑖 randomly drawn number from a uniformly distributed set {-1,1} for each 

technology 𝑖; 

𝑐𝑖 levelized cost of electricity, including investment, operation and maintenance, 

resource or fuel costs and heat credits over the technology-specific lifetime and 

discount factor of each technology i, in CHF/MWh (see Table SM.1); 

𝐶𝑠𝑙𝑎𝑐𝑘 the cost constraint (moving slack), which varies between 0% and 20% above 

minimum costs in the municipality, in CHF/MWh; 

𝐶𝑚𝑖𝑛 minimum costs in the municipality, in CHF/MWh; 

 

S.2 Mathematical formulation 

This section presents the mathematical formulation of the EXPANSE model. EXPANSE is a 

linear programming model that generates, for each municipality individually, a diverse set of 

technically-feasible and cost-effective electricity supply scenarios that meet environmental, 

technical and cost constraints. This is achieved by applying the Modeling to Generate 

Alternatives (MGA) method called Efficient Random Generation (ERG) of feasible 

alternatives [1, 2]. This MGA technique allows EXPANSE to sample a wanted number of 

scenarios on the vertices of the pre-defined scenario space. 

 

Each scenario is defined by 𝑥, 𝑥 ∈ 𝑅𝑛, where 𝑥𝑖 = 𝑥1, 𝑥2, … , 𝑥𝑛 is the use of each technology 

𝑖 in MWh/year in each municipality. The analysis is done for annual sums of electricity demand 

and supply. Each scenario is generated by optimizing a linear function in three steps [1, 2]. 

First, a random number 𝑁  is drawn from a uniform distribution, where 1 ≤ 𝑁 ≤ 𝑛  (for 

example 𝑁 = 3). 𝑁 is the number of technologies that will be optimized out of 𝑛 available 

technologies (in our case 𝑛 = 13). In the second step, the indices 𝑖 , where 1 ≤ 𝑖 ≤ 𝑛, are 

randomly drawn from a uniform distribution until the indices of a total number of 𝑁 

technologies are selected. This means that the technologies to be optimized are randomly 

selected for 𝑁 number of technologies. As a result, we obtain a random set 𝐼  of randomly 

selected indices 𝑖, for example 𝐼 = [3,5,11]. The exact technologies are thus specified for the 

optimization, in this case 𝑥3, 𝑥5 and 𝑥11. In the third step, the variables with the indices of the 

set 𝐼 are multiplied with a randomly drawn number 𝛼𝑖 from a uniform distribution {-1,1} and 

summed to form the objective function. The obtained objective function is optimized for each 

municipality for 2’000 times (i.e. to create a set of 2’000 scenarios): 
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𝑚𝑎𝑥 ∑ 𝛼𝑖𝑥𝑖
𝑛
𝑖=1       (1) 

subject to  

𝑃𝑚𝑖𝑛,𝑖 ≤ 𝑥𝑖 ≤ 𝑃𝑚𝑎𝑥,𝑖     (2) 

∑ 𝜃𝑖𝑥𝑖
𝑛
𝑖=1 = 𝐷      (3) 

∑ 𝑐𝑖
𝑛
𝑖=1 𝑥𝑖 ≤ 𝐶𝑠𝑙𝑎𝑐𝑘     (4) 

 

The equation (1) shows the optimization function. The equations (2) and (3) guarantee that the 

generated scenario is technically feasible and meets the demand constraints. Equation (4) 

allows for selecting only the scenarios that are cost-optimal or near cost-optimal [3, 4].  

 

The cost constraint (called “moving slack”) limits the total costs to a certain plausible level 

above cost-optimal costs. 𝐶𝑠𝑙𝑎𝑐𝑘 is calculated for each municipality as follows: 

𝐶𝑚𝑖𝑛 ≤ 𝐶𝑠𝑙𝑎𝑐𝑘 ≤ 1.2 ∙ 𝐶𝑚𝑖𝑛     (5) 

𝐶𝑚𝑖𝑛 = 𝑚𝑖𝑛 ∑ 𝑐𝑖𝑥𝑖
𝑛
𝑖=1  , subject to Eq. (2-3)  (6) 

 

For each scenario the moving slack 𝐶𝑠𝑙𝑎𝑐𝑘 is randomly drawn from a uniform distribution and 

bounded between 0% and 20% above cost-optimal cost for each municipality, as shown in 

equation (5). The minimum cost 𝐶𝑚𝑖𝑛 is calculated by optimizing the objective function (6) 

subject to equations (2) – (3).   

 

S.2 Input assumptions 

 

Electricity demand 

The total Swiss electricity demand is assumed to increase from 58.2 TWh in 2016 to 70.0 TWh 

in 2035, as defined by the business-as-usual reference scenario of the Swiss Federal Office of 

Energy [5]. In order to spatially allocate the electricity demand to each municipality, GIS 

dataset for end-user sectors is used, including the spatial data on the number of employees in 

commercial sector, industries, and agriculture [6]. We further segregate these three main 

sectors into 20 sub-sectors (e.g., pharmaceutical industry, paper, textile) in order to account for 

the diversity of electricity-use intensity across these sub-sectors. Next, we allocate the 

electricity demand to each municipality depending on the total electricity demand shares per 

sector [7], sub-sector [8], and the number of employees [6]. The demand allocation for 
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households and transport is conducted by using electricity demand shares of these sectors [7] 

and the population size of each municipality [9]. 

 

Electricity generation 

Next, we assess the location and characteristics of the currently existing electricity generation 

[10, 11, 12, 13, 14] and potential for new centralized and DREG generators, net import and 

electricity savings due to end-use efficiency measures. The spatially-explicit electricity 

generation potentials of each technology are modeled individually with the following described 

methods.  

 

Solar PV electricity potential is calculated based on results from the Sonnendach study [15], 

which estimates the maximum electricity generation potential of each building in Switzerland 

assuming that all rooftops can be filled with solar PV panels. In this study, we exclude the solar 

electricity potential from facades due to the much lower capacity factor and therefore much 

higher LCOE [16]. Open-field solar PV are almost non-existent in Switzerland [16] and are 

therefore also excluded. In order to provide a more realistic estimation for solar rooftop PV 

potential, we ignore rooftops smaller than 10m2 and apply correction factors [17] in order to 

account for unusable spaces, which depend on the building type (single-family, multi-family, 

schools, etc.) [18] and the rooftop slope (flat or slanted) [15].  

 

Wind electricity generation potential is calculated by assessing eligible areas where wind 

turbines can be physically and legally installed [19]. We allocate a maximum recommended 

number of 1 wind turbine per 1 km2 [20] in order to avoid the ‘park effect’ [21] (a downstream 

wind turbine within a wind park receives slower and more turbulent air flow) in order to obtain 

the maximum number and location of turbines. We assume the installation of popular Vestas 

V112 turbines and apply its power curve [22] to wind speed data at hub height with 100m by 

100m spatial resolution in the form of Weibull parameters [23]. This allows us to obtain the 

yearly electricity generation of each potential wind turbine.  

 

EGS electricity generation potential is estimated by evaluating available areas that are non-

alpine industrial zones with low to medium seismic risk [24]. We assume 5MW plants with a 

yearly electricity generation capacity of 30GWh and a bore hole depth of 5km [16].  
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Electricity generation from biogas and woody biomass is estimated by evaluating the resource 

potential [25] from wet biomass (e.g., animal manure, sewage sludge) and dry biomass (e.g., 

forest wood, wood residues). Then, a maximum sourcing range of 30km is applied in order to 

account for the economic mobility of biomass resources. We assume that potential biogas 

plants are limited to the areas that have access to the natural gas grid [26] for methane injection.  

 

The electricity generation potential of all other technologies (i.e., hydropower, nuclear, large 

gas, waste incineration) in each municipality is evaluated by adding generators that are 

currently planned until 2035 [13, 16] and by extrapolating the remaining predicted electricity 

generation potential to match future projections [16].  

 

For all technologies except solar PV and wind, the capacity factors (see Table SM1) are 

obtained from current projections for the year 2035 [16] in order to calculate the yearly 

electricity generation based on the installed capacity. The capacity factors of wind and solar 

PV are spatially explicit and depend on the locally available wind and solar resources. By 

applying the previously described bottom-up model for solar PV and wind, we can calculate 

the electricity generation of each generator in each municipality and the resulting capacity 

factor based on the installed capacity.  

 

Levelized costs of electricity (LCOE) and investment costs 

The levelized cost of electricity of each electricity generator is given by 𝑐𝑖  and includes 

investment, operation and maintenance (O&M), resource or fuel costs and heat credits 

discounted over each electricity generators lifetime and discount rate (Table SM1 provides the 

values for the year 2035, which have been estimated in other studies specifically for 

Switzerland [16, 24]). The levelized cost of electricity for solar PV and wind turbines are 

spatially-explicit, due to varying local availability of solar and wind resources. We do not 

consider economic incentives in our calculations. For small hydro plants, we include an 

additional water tax of 0.016 CHF/kWh. In the case of biogas combined and heat power (CHP), 

wood CHP, waste incineration, and EGS systems, we account for available district heating 

networks in the region, where it is possible to sell the excess heat. For these electricity 

generators, in addition to wind and solar PV, the LCOE are spatially explicit. Waste 

incinerators receive gate fees for accepting waste materials and therefore have negative fuel 

costs. The capital cost of EGS plants includes plant costs, pump costs, fracturing costs and well 

costs, where the latter contributes significantly to the total capital costs. For all LCOE 
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calculations, we apply the currently projected technology-specific discount rates and lifetimes 

[16]. 
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 1 

 Wind Solar PV Small 

hydro 

Biogas 

CHP 

Wood CHP Waste EGS Large 

hydro 

dams 

Large run-

of-river 

hydro 

Large gas 

power 

plants 

Capital cost 

(CHF/kWe) 
2’160 1’410 6’750 11’600 6’350 6'000 19’400 5’995 5’995 940 

Fixed O&M cost 

(CHF/kWe/year) 
102 65 169 598 742 911 600   23 

Variable O&M cost 

(CHF/kWhe) 
  0.016    0.07 0.013 0.015 0.22 

Fuel cost 

(CHF/kWhe) 
   0.076 0.209 -0.23    0.85 

Heat credits 

(CHF/kWhe) 
   0.034 0.22 0.006 0.203    

Capacity factor 0.06-0.36* 0.07-0.15* 0.57 0.76 0.4 0.57 0.68 0.27 0.51 0.62 

Lifetime 

(years) 
20 30 60 15 20 20 30 60 60 30 

Discount rate 

(%) 
5 5 6 3 2 2 5 6 6 6 

Own electricity use 

(%) 
0 0 1 0 0 0 5 5 1 10 

* Spatially-explicit values because the electricity yield varies with the regional wind speed distribution and solar irradiation 

Table SM1. Costs, lifetimes, capacity factors and discount rates of DREG systems and key centralized technologies [16, 24]    2 
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