
Vol.:(0123456789)

Environmental and Resource Economics (2024) 87:369–398
https://doi.org/10.1007/s10640-022-00749-z

1 3

The Financial and Environmental Consequences 
of Renewable Energy Exclusion Zones

Gemma Delafield1  · Greg S. Smith1,2 · Brett Day1 · Robert Holland3 · Andrew Lovett4

Accepted: 24 November 2022 / Published online: 4 January 2023 
© The Author(s) 2023

Abstract
As countries decarbonise, the competition for land between energy generation, nature con-
servation and food production will likely increase. To counter this, modelling, and some-
times energy policies, use exclusion zones to restrict energy deployment from land deemed 
as important to society. This paper applies the spatially-explicit ADVENT-NEV model to 
Great Britain to determine the cost imposed on the energy system when either environ-
mental or food production exclusion zones are applied. Results show that exclusion zones 
impose a cost of up to £0.63 billion (B), £19.17 B and £1.33 B for the solar, wind, and 
bioenergy pathways. These costs give an indication of the value being placed on protecting 
these areas of land. When multiple exclusions are imposed on bioenergy, the high pathway 
is infeasible indicating a more flexible approach may be needed to meet net zero ambi-
tions. The model also shows how the value of ecosystem services changes when exclusion 
zones are applied, highlighting how some exclusions increase non-market costs whereas 
others decrease them. In several cases exclusion zones are shown to increase social costs, 
the opposite of their intended use. For these exclusions to be justifiable, the unobserved 
values missing from the model must be as large as these increases.

Keywords Ecosystem services · Environmental restrictions · GIS · Low carbon energy · 
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CO2eq  Carbon dioxide equivalent
GB  Great Britain
GWh  Giga-watt hour
ha  Hectare
km  Kilometre
M  Million
MW  Mega-watt
MWh  Mega-watt hour
NPV  Net present value
SSSI  Site of special scientific interest
t  Tonnes
TWh  Terra-watt hour
UK  United Kingdom

1 Introduction

By 2050, it is estimated that approximately 90% of global electricity generation will come 
from renewable energy technologies (IEA 2021). There are concerns that this scale of 
expansion will increase competition for land, potentially threatening food production and 
the natural environment, particularly in countries which are densely populated (Konadu 
et al. 2015; Dunnett et al. 2022). Previous studies have imposed exclusion zones to limit 
where new energy infrastructure can be built in an attempt to protect land categorised 
as important for environmental protection or food production (e.g. National Parks, high-
quality agricultural land). There are some countries, including Spain, Germany, and Wales, 
which have imposed these exclusion zones within their spatial energy planning policies 
(Deshaies and Herrero-Luque, 2015; Thiele et al. 2021; Welsh Government, 2021). This 
paper investigates the implications of imposing these exclusion zones on the cost, spatial 
footprint, and environmental impact of renewable energy deployment. To do that we apply 
the natural capital approach to future renewable energy pathways for Great Britain using 
the spatially-explicit optimisation model ADVENT-NEV.

One of the most contested issues around energy systems over the last decade has been 
the food versus fuel debate, in particular the concern that bioenergy crop expansion will 
negatively impact food production (Hellegers et al. 2008; Karp and Richter, 2011; Over-
mars et al. 2015; Tröndle et al. 2019). It is not just bioenergy however that is subject to 
food production concerns, solar farm planning proposals are also frequently contested 
if development is proposed on high-quality agricultural land (Calvert and Mabee, 2015; 
Overmars et al. 2015; Wiehe et al. 2021). There are also concerns about the broader impli-
cations future energy pathways may have on the environment. Studies have shown how 
land use change can result in substantial changes to biodiversity, highlighting the impor-
tance of not pursuing decarbonisation ambitions to the detriment of biodiversity targets 
(Hansen et al. 2012; Hooper et al. 2018; Holland et al. 2019; Rehbein et al. 2020). There 
are direct biodiversity impacts associated with some renewable energy technologies, such 
as the collision risk between wind turbines and birds, but also indirect impacts including 
how the presence of renewable energy infrastructure may impact species’ behaviour (Sai-
dur et al. 2011; Marques et al. 2014; Wang and Wang, 2015). Another source of conten-
tion, which influences a considerable number of renewable energy planning applications, 
is the visual impact of new renewable energy developments (Roddis et al. 2018). Studies 
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have highlighted the impact that renewable energy can have on the landscape character of 
regions prized for their perceived visual beauty (Moran and Sherrington, 2007; Rowe et al. 
2009; Hastik et al. 2015; Rand and Hoen, 2017).

Previous studies have sought to avoid, minimise or resolve the trade-offs between 
energy, food and nature, using various methods to identify where is ‘best’ to locate new 
energy infrastructure. The most common approach in the spatial energy modelling lit-
erature involves imposing exclusion zones to determine where new energy infrastructure 
can and cannot be located (Lovett et  al. 2009; Parish et  al. 2012; Onyango et  al. 2013; 
Lovett et  al. 2014; Konadu et  al. 2015; Sunak et  al. 2015; Watson and Hudson, 2015; 
Egli et  al. 2017; Kienast et  al. 2017; Wiehe et  al. 2021; Price et  al. 2020). These stud-
ies tend to restrict development on high-quality agricultural land, landscape designations 
(e.g. National Parks), and wildlife designations (e.g. Sites of Special Scientific Interest), to 
account for the perceived importance of these areas (Sultana and Kumar, 2012; Sunak et al. 
2015; Watson and Hudson, 2015; Egli et al. 2017). These areas are protected to preserve 
the services they provide such as food production, landscape aesthetics or high levels of 
biodiversity.

In contrast to the use of exclusion zones, a small number of studies have applied the nat-
ural capital approach to energy spatial planning (Moran and Sherrington, 2007; Drechsler 
et al. 2011, 2017; Lester et al. 2013; Tafarte and Lehmann, 2019; Donnison et al. 2020). 
These studies have sought to determine socially-optimal locations for new renewable 
energy infrastructure by incorporating spatial non-market costs and benefits into energy 
decision-making (Mendelsohn and Olmstead, 2009; Bateman et  al. 2013; Hinton et  al. 
2014; Natural Capital Committee, 2015; Welfle et al. 2020). For example, Drechsler et al. 
(2011) included society’s willingness to pay to move wind farms away from settlements 
and areas important for red kites, recognising the value that society places on reducing 
visual impact and protecting biodiversity. Moran and Sherrington (2007) used social 
cost–benefit analysis to assess wind farm projects in Scotland by monetising both carbon 
emissions and visual disamenity. By incorporating non-market costs and benefits into deci-
sion-making, the natural capital approach ensures the trade-offs between energy genera-
tion, food production and nature conservation are made explicit (Pearce et al. 2013). These 
studies however have tended to focus on one or two energy technologies and only include a 
small number of ecosystem services.

This paper uses the spatially-explicit optimisation model ADVENT-NEV, which can 
determine the least-cost locations for solar farms, wind farms, bioenergy power stations 
and their bioenergy crops considering both market and non-market costs, to answer the 
following five research questions. First, how do different exclusion zones impact the mar-
ket costs of the energy system? Second, how do different exclusion zones impact the non-
market and social costs of the energy system? Third, if the social cost of the energy system 
increases when exclusion zones are applied, what is the implied ‘unobserved’ value that 
society has inherently attached to these zones, unaccounted for in our valuation of ecosys-
tem services, to justify the use of these exclusion zones? Fourth, how do different exclu-
sion zones impact the spatial footprint of the energy system? And finally, what other envi-
ronmental issues might be overlooked by the exclusion zone approach?

Exclusion zones are used by studies as a way to protect land deemed as important for 
environmental protection or food production. These restrictions act as a proxy for the value 
of ecosystem services and food production provided by these areas of land, values which 
are difficult to quantify (e.g. Watson and Hudson, 2015; Egli et  al. 2017; Kienast et  al. 
2017). It is important to understand however, that the introduction of these exclusion zones 
may increase the market costs of the energy system. For example, if these areas contain 
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the least-cost locations for a technology, excluding development from that area will force 
renewable energy infrastructure to be constructed in more expensive locations. By using 
exclusion zones, previous studies have therefore assumed that any increase in the market 
cost of the energy system must be smaller than the value placed on protecting the ecosys-
tem service flows, or food production, provided within that exclusion zone. Consequently, 
this additional cost must represent the implied value of that area of land that would other-
wise be diminished by the presence of energy infrastructure.

A further implicit assumption of exclusion zones is that renewable energy infrastruc-
ture, and the land change associated with it, has an adverse impact on ecosystem service 
flows. However, there is increasing evidence to suggest that this is not always the case 
and that the impact of energy infrastructure depends on what the land was previously used 
for and how the land is managed (Konadu et al. 2015). For example, solar farms and bio-
energy crops have the potential to improve biodiversity, if their sites are managed in the 
right way, which suggests that excluding all land that, for example, falls within a protected 
area may be too restrictive (Rowe et al. 2009; Bourke et al. 2014; Hernandez et al. 2014; 
Hinton et al. 2014; Montag et al. 2016; Milner et al. 2016; Randle-Boggis et al. 2020). By 
excluding development from certain areas, we may actually limit the positive environmen-
tal impacts that could be realised from the transition to a low carbon energy system.

This paper explores both environmental exclusion zones (i.e. National Parks, Areas of 
Outstanding Natural Beauty (AONBs1), peatlands) and food production exclusion zones 
(i.e. high-quality agricultural land). We compare the spatial allocation of energy infrastruc-
ture witnessed when environmental and food production exclusions are imposed compared 
to what happens when no exclusions are in place. By doing this, this paper highlights the 
environmental, social and technical consequences of these restrictions. Our analyses show 
how exclusion zones impose a market-cost of up to £0.63 B, £19.17 B and £1.33 B on the 
energy system for solar, wind and bioenergy respectively. This relates to a 2%, 62%, and 
5% increase in the total market costs for each technology’s pathway. Interestingly, when 
multiple exclusion zones are imposed on bioenergy the highest pathway is shown to be 
infeasible due to lack of land, highlighting how these exclusions not only impose a cost 
on the energy system but may also restrict countries from meeting their bioenergy targets. 
Furthermore, the results highlight how the social costs of the energy system sometimes 
increases when exclusions are added, the opposite of what we would expect to see. This 
occurs typically because the amount of energy infrastructure required to meet the electric-
ity generation target increases and consequently so does the spatial footprint and environ-
mental impact of the pathway. This increase in social costs provides an estimate of the 
implied unobserved value of ecosystem services that must be missing from the ADVENT-
NEV model if these exclusion zones provide the best option for society. By comparing the 
natural capital approach to exclusion zones, we see that that natural capital approach is able 
to minimise the social cost of the energy system to a greater extent by identifying locations 
inside and outside exclusion zones which provide the greatest benefits to society. Collec-
tively these results can be used to feed into discussions with policymakers and the research 
community on energy transitions, highlighting how exclusion zones may not be the best 
tool to plan an energy system which minimises both market and non-market costs.

This paper is structured as follows: in Sect. 2 we provide an overview of how exclusion 
zones are used as proxies for ecosystem service value. Section 3 provides an overview of 

1 AONBs are called National Scenic Areas in Scotland however both areas are referred to as AONB in this 
study. AONBs are areas of land protected for their high landscape value.
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the ADVENT-NEV model and analyses conducted in this study. Results are presented in 
Sect. 4 and discussed in Sect. 5. The key insights are summarised in Sect. 6.

1.1  Using Exclusion Zones as Proxies for Environmental Protection and Food 
Production

Without the means to quantify the value of food production or flows of ecosystem ser-
vices, numerous studies, as well as some energy policies, have chosen to exclude the 
development of renewable energy from areas deemed important for delivery of these 
services instead (Lovett et al. 2009; Parish et al. 2012; Lovett et al. 2014; Konadu et al. 
2015; Sunak et  al. 2015; Watson and Hudson, 2015; Egli et  al. 2017; Kienast et  al. 
2017; Wiehe et al. 2021). An illustrative example of using exclusion zones is shown in 
Fig. 1 where wind farm development is excluded from National Parks.

Figure 1a shows when no exclusions are in place, wind farms are allocated to their 
least-market cost locations both inside and outside of the National Park. The social cost 
of this scenario ( SocialCostNoExcl ) is sum of the market cost ( xNoExcl ) and the non-market 
cost ( zNoExcl ). In Fig.  1b, when a National Park exclusion is imposed, we see that the 
wind farm must be sited elsewhere. Of course, the market cost of this new location must 
be greater than the least-cost original location inside the park (i.e. xNoExcl > xExcl ). The 
increase in the market cost of the energy system when the exclusion zone is applied is 
denoted as y (Eq. 1).

The implicit assumption underlying such exclusions is that the value of the eco-
system services protected by the exclusion zone (i.e. zNoExcl − zExcl ) is greater than the 
market cost imposed on the energy system when the exclusion zone is imposed (i.e. y ) 
(Eq. 2). If this assumption is correct, then there is a net benefit for society associated 
with prohibiting energy infrastructure from exclusion zones.

(1)y = xExcl − xNoExcl

Fig. 1  Illustrative example of the implications of imposing exclusion zones (e.g. National Parks) on where 
energy infrastructure can be located
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Another way of thinking about the additional cost y is that it represents the lower bound 
value that the analyst is implicitly placing on the non-market benefits arising from restrict-
ing energy infrastructure from the exclusion zone. Therefore, to warrant the exclusion, 
these benefits must be at least as big as y.

A handful of studies have examined how the market costs of the energy system may 
change when exclusions are put in place. Wang et  al (2020) show how when exclusion 
zones (i.e. nature reserves) are enforced in the Netherlands, the total cost of the energy 
system increases by up to 8%. Similarly, Price et al (2018) note a 10–20% increase in the 
levelised cost of the energy system when land constraints (i.e. high to moderate-quality 
agricultural land) are imposed in the UK. This paper provides a systematic analysis of the 
market cost consequences of commonly used exclusion restrictions in the context of devel-
opment of renewables in the GB energy system. Moreover, as far as the authors are aware, 
there has been no previous research that assesses whether such exclusions can be justified 
on welfare grounds. Here we address that research gap. In particular, using the ADVENT-
NEV model we are able to examine changes in the flows of ecosystem services associated 
with the deployment of the energy system (Delafield 2021). As such we can estimate the 
non-market costs of the energy system when siting decisions are made with and without 
exclusion restrictions. Those analyses allow us to evaluate whether exclusion restrictions 
deliver the net social benefits that they are intended to generate.

Of course, natural capital models like ADVENT-NEV are not comprehensive in their 
efforts to value changes in ecosystem service flows. Changes in services like landscape 
character and biodiversity remain hard to quantify and monetise, a task that some argue 
should not even be attempted (Dasgupta et  al. 2021). Furthermore, the natural capital 
approach provides little insight into the food security implications of changes to food pro-
duction related to building energy infrastructure on agricultural land. If the social cost of 
the energy system increases when exclusions are imposed, we could view this increase as 
the implied ‘unobserved value’ from the ADVENT-NEV model’s calculation of the non-
market costs ( zUnobserved

NoExcl
 ) as shown by Eq. 3. This unobserved value would justify the impo-

sition of the exclusion zone to ensure that value of the ecosystem services protected was 
greater than the increase in market-cost of the energy system.

2  Methodology

In this study, the ADVENT-NEV model is used to explore the impact that exclusion zones 
have on GB’s energy system. An overview of the model is provided in Sect. 3.1, the types 
of exclusions applied are shown in Sect. 3.2 and the energy pathways used are detailed in 
Sect. 3.3.

2.1  Model Description

The ADVENT-NEV model is a spatially-explicit optimisation model that determines 
where to locate ground mounted solar photovoltaic farms, onshore wind farms, bioenergy 

(2)y < zNoExcl − zExcl

(3)zUnobserved
NoExcl

≥ SocialCostExcl − SocialCostNoExcl
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power stations and bioenergy crops to minimise the total cost of the energy system (Dela-
field 2021). The bioenergy crops included in the model are: Miscanthus and short rotation 
coppice, the second-generation bioenergy crops predicted to be the main bioenergy feed-
stocks in the UK going forwards (Konadu et al. 2015). The ADVENT-NEV model identi-
fies which locations to allocate an exogenously set amount of energy infrastructure over a 
set period of time. In this paper the least-cost locations (at a 1  km2 cell resolution) for solar, 
wind and bioenergy were determined separately. While model has the capacity to do so, 
it is not used to resolve land use conflicts between the three technologies in this analysis.2

Figure 2 summarises the steps taken by the ADVENT-NEV model in identifying the 
best set of locations across GB in which to site new energy system infrastructure. The first 
step includes determining both the market and non-market costs associated with deploying 
energy infrastructure to all 1  km2 cells of GB. The ADVENT-NEV model incorporates 
various market costs including: construction; operation and maintenance; grid connec-
tion3; and land; as well as bioenergy crop transport costs (Eq 4). The land cost encapsulates 
the value of the foregone agricultural production associated with taking land out of food 
production (Day et al. 2020). The temporal resolution of all of these costs is annual. The 
ADVENT-NEV model is aligned with Integrated Assessment Models that take an aggre-
gate view of the energy over comparatively long temporal scales, this means that the model 
is unable to consider the benefits of spatial diversification (i.e. deploying wind turbines in 
different locations to take advantage of the fact that wind speed profiles differ spatially and 
temporally as per Price et al. (2020)). The coarse temporal resolution used in this study is 
required for spatial optimisation to be undertaken at a 1  km2 resolution. Further work is 
needed to merge the insights provided by models which have high spatial resolution, like 
ADVENT-NEV, with those with high temporal resolution.

The novelty of the ADVENT-NEV model is in its inclusion of a wide range of non-
market costs (Eq. 5). The model considers how wind farms and bioenergy crops impact soil 
carbon sequestration using data from Nayak et al. (2010) and the ELUM model (Pogson 
et al. 2016; Richards et al. 2017). It includes the change in greenhouse gas emissions asso-
ciated with bioenergy crop transport (HM Treasury 2018) as well as agricultural land use 
change (Hillier et al. 2011; Day et al. 2020). The visual disamenity impacts associated with 
solar, wind, bioenergy and low voltage pylons are taken from the hedonic property value 
literature; particularly the studies by Hamilton and Schwann (1995), Davis (2011), Heint-
zelman and Tuttle (2012) and Dröes and Koster (2020).4 Outputs from the NEV model are 
used to estimate the impacts to flooding and water quality, using an emulator of the Soil 
and Water Assessment Tool (Day et al. 2020). Pollination benefits come from the pollina-
tor species diversity module within the NEV model (Pearson et al. 2004; Day et al. 2020). 
It must be noted that there are potentially substantial uncertainties in the non-market cost 

2 The ADVENT-NEV model is capable of solving the least-cost locations for combinations of different 
renewable technologies simultaneously as demonstrated in Delafield (2021) however this approach was not 
undertaken in this study for computational capacity reasons. Understanding land use conflict at the sub 1 
 km2 scale is challenging as there may not be competition for the same exact piece of land within the 1  km2 
cell. We therefore recognise that although land use conflicts could occur they are unlikely to represent a 
significant bias.
3 The grid connection cost is the summation of the cost of constructing power lines to connect the energy 
installation to the electricity network, the associated transmission losses, the value of the land needed for 
the new power lines and, where applicable, an estimate of the cost of upgrading the electricity network 
(Delafield, 2021).
4 The visual disamenity of coal power stations are used as a proxy for bioenergy power stations.
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calculations within the ADVENT-NEV model. Where a range of possible estimates exist, 
we have opted to employ ‘relatively conservative’ values based on the best available data 
(e.g. ELUM). There are however other impacts which are not modelled, in particular those 
related to indirect land use change, biodiversity loss, place attachment, and landscape char-
acter, these limitations are discussed further in Sect. 4. Further detail on all the ADVENT-
NEV model is provided in Delafield (2021).

Within the ADVENT-NEV model, the costs of siting of different renewable energy 
technologies ( e ) are calculated according to the following equations:

Fig. 2  Overview of the steps performed by the ADVENT-NEV model
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where the energy technology e can be solar ( s ), onshore wind ( w ) or bioenergy ( b ). There 
is no evidence to date that wind or solar farms would have substantial impacts on flooding 
or water quality therefore these are set to zero, as are solar farms’ impacts on soil carbon 
sequestration.

The second step identifies which 1  km2 cells are considered suitable for the allocation 
of new energy infrastructure and is set out in Sect. 3.2 (Fig. 2). The third step is the spa-
tial optimisation process (Fig.  2). The model can be set to either financial optimisation, 
where it seeks to minimise market costs only, or social optimisation, where it seeks to min-
imise social costs (i.e. both market and non-market costs as per Eq. 6) of the energy system 
(Fig. 2). The model chooses the least cost locations for solar and wind farms based on a 
cost per megawatt hour (MWh) until the required amount of annual electricity generation 
has been met. The least cost locations for bioenergy power stations and bioenergy crops 
are determined by a Greedy algorithm (Delafield 2021). This algorithm considers how the 
least-cost locations for bioenergy power stations depends not only on the location of the 
power station but also on where the power station sources its biomass. The size of bioen-
ergy power stations is fixed at 40 MW and each is assumed to require 200,000 tonnes of 
bioenergy crops annually (Upreti 2004; BEIS 2017).5 Step four in Fig. 2 highlights the key 
outputs of the model: the market and non-market costs of the spatially optimised energy 
system. All costs are reported as net present values (NPV) over a 25-year evaluation life-
time reported in £2015. The ADVENT-NEV model is written in Matlab 2017a and draws 
spatial data from a PostGIS database.

2.2  Exclusion Zones

All analyses in this paper assume that some baseline restrictions are imposed on where 
energy infrastructure can be located. These restrictions capture a range of current legal and 
technical constraints that prevent energy technologies being built in particular locations. 
For example, restrictions arising from current land cover or designation as a protected area, 
and those impacting on technical feasibility, such as slope and spacing (see SI).

Two types of exclusion zones typically applied in the literature and energy policies are 
examined. The first are environmental exclusion zones designed to protect the natural envi-
ronment by restricting development in National Parks, AONBs, and on peatlands. Many 
studies impose these kinds of exclusions (Lovett et al. 2009; Parish et al. 2012; Onyango 
et al. 2013; Lovett et al. 2014; Konadu et al. 2015; Sunak et al. 2015; Watson and Hudson, 
2015; Egli et al. 2017; Kienast et al. 2017; Wiehe et al. 2021). For example, Lovett et al 

(4)MarketCoste = ConstructionCost + O&MCost + LandCost + GridCost

(5)
NonMarketCoste =VisualDisamenity + GHG + Pollination

+ SoilCarbon + BioenergyTransport
+ Flooding +WaterQuality

(6)SocialCoste = MarketCoste + NonMarketCoste

5 The siting of larger Bioenergy with Carbon Capture and Storage (BECCS) power stations is outside the 
scope of this paper.
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(2009) restricts bioenergy crops from being grown on designated areas and organic soils in 
order to protect the landscape character and biodiversity of these areas, as well as reduce 
the chances of carbon losses from soils. The second are food production exclusion zones 
designed to protect domestic food production like those used in Milner et  al (2016) and 
Palmer et al. (2019). In this study we exclude solar, wind and bioenergy from being sited 
on high-quality agricultural land.6 Figure 3 demonstrates the spatial extent of these areas, 
highlighting how combining exclusion zones, as done by Lovett et al (2014), leaves little 
land available for energy development.

2.2.1  Exclusion Zone Analysis

Table  1 showcases the different exclusions analysed in this study. First, we determine 
where renewable energy would be located if no exclusion zones are imposed (i.e. Analysis 
1). Second, we explore what happens when different exclusion zones are applied, replicat-
ing what has been done by previous studies and some energy policies (i.e. Analysis 2–4). 
By comparing the market costs of the energy system when exclusion zones are imposed to 
the market costs of the energy system when no restrictions are imposed ( y ), we can deter-
mine the value being placed on these exclusion areas (Eq. 1). This calculation allows us to 
answer research question 1.

To answer research question 2, we explore the difference in the non-market costs of the 
energy system when exclusion zones are imposed and not. By doing this, we can deter-
mine if the social cost of the energy system increases or decreases when exclusion zones 
are imposed. If the social cost increases, this will enable us to identify the magnitude of 
the ecosystem service benefits that would have to be provided by the exclusion zones, but 
missed by our natural capital assessment, in order for the exclusion zones to be a defensible 
environmental policy (i.e. research question 3). The spatial footprint of all analyses is cal-
culated to answer research question 4. Finally, we determine the socially-optimal locations 

Fig. 3  Exclusion zones

6 The agricultural land classification (ALC) categorises land in GB into five grades based on land’s physi-
cal and chemical characteristics. The classifications range from Grade 1 (i.e. excellent quality agricultural 
land) to Grade 5 (i.e. very poor quality agricultural land) (Natural England, 2021). In this paper, we catego-
rise high-quality agricultural land is ALC 1 to 2.
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for energy infrastructure using the natural capital approach, considering both market and 
non-market costs when no exclusions are imposed (Analysis 5). This analysis will help 
to identify what other environmental issues might be overlooked by the exclusion zone 
approach but revealed by the natural capital approach. The ADVENT-NEV model deter-
mines the market and non-market costs for all analyses, however, only includes non-market 
costs in the optimisation of Analysis 5.

2.3  Energy Pathways

We examine a range of potential generation levels for 2050 from low to high as shown in 
Fig. 4. These levels are based upon various published energy pathways used to inform poli-
cymaking (CCC 2011; DECC, 2012; Spataru et al. 2015; Roddis et al. 2016; CCC 2018a; 
CCC 2018b; CCC 2020, National Grid 2020). The pathways are used as theoretical bound-
aries of the minimum and maximum deployment that can be expected by 2050 assuming 
the UK meets its net-zero emissions targets. The approach taken to determine these lower 
and upper bounds is detailed in the supplementary information (SI).

3  Results

3.1  Land Use Competition When No Exclusion Zones are Imposed

Analysis 1 reveals that when solar farms, wind farms and bioenergy power stations and 
their associated crops are located to minimise market costs, then a significant proportion 
of that energy infrastructure is allocated to land deemed as being important for environ-
mental protection or food production (Fig. 5; Table 2). For example, when minimising 
market costs, the ADVENT-NEV model allocates up to 72% of wind farms to peatlands. 
This echoes a trend that has been seen historically in the UK, with wind farms being 
built on peatlands as they are often in exposed windy locations and therefore deliver 
high energy yields (Ostle et  al. 2009). In addition, a noticeable proportion of energy 
infrastructure is allocated to areas of high landscape value, with over half of solar farms 
allocated to these areas (Table 2).7 Both solar farms and bioenergy crops are often allo-
cated to high-quality agricultural land. However, the magnitude of land use change 
associated with solar is much lower than that of bioenergy. With the high solar pathway 
using 15,946 ha of high-quality agricultural land whereas the high bioenergy pathway 
uses 543,172 ha. This is due to the sheer volume of bioenergy crops required to meet the 
high bioenergy pathway if the feedstock is grown domestically.

3.2  Changes to the Market Cost of the Energy System When Exclusion Zones are 
Imposed

When exclusion zones are imposed on renewable energy deployment (i.e. Analyses 2–4), 
the spatial distribution and cost of the energy system changes compared to when no exclu-
sions are enforced (i.e. Analysis 1). Under Analysis 2, where environmental exclusion 

7 National Parks and AONBs referred to collectively as areas of high landscape value.
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zones are imposed, displacing energy infrastructure from its cheapest siting locations 
increases the total market costs of the energy system by £0.44 B (+ 2%), £19.11 B (+ 62%) 
and £1.33 B (+ 5%) for the high solar, wind and bioenergy pathways respectively (Figs. 5, 6 
and 7). When no exclusion zones are imposed, solar farms are allocated to coastal locations 
as this is where solar radiation is highest due to there being less cloud formation along the 
coast than further inland (Lindfors et  al. 2020; Met Office, 2022). When environmental 
exclusion zones are imposed, solar farms are allocated slightly further inland, to less sunny 
locations, increasing the cost per TWh of a solar farm (Fig. 5b). Wind farms are forced to 
move away from upland National Parks and peatlands to locations with lower wind speeds, 
with the average wind speed of the locations chosen decreasing from 10.6 m/s to 8.8 m/s 
(Fig. 6b). Consequently, the total number of wind turbines needed to meet the energy target 
increases. The average cost per MWh is two thirds higher outside of these environmental 
protection areas, highlighting the lack of alternative locations for wind farms which have 
high wind speeds and low costs (see SI). Figure 7b shows how environmental exclusion 
zones result in bioenergy crops being grown on land of lower yields, higher agricultural 
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Fig. 4  Electricity generation from solar farms, onshore wind farms and bioenergy power stations (fuelled 
by domestically sourced bioenergy crops) in 2050 ranging from low to high estimates derived from existing 
energy pathways

Table 2  The percentage of solar 
farms, wind farms and bioenergy 
crops allocated to land deemed 
as important for environmental 
protection or food production 
when a financial optimisation 
is pursued with no exclusions 
imposed (i.e. Analysis 1)

Technology Pathway Overlap between renewable energy and land 
deemed as important for environmental 
protection or food production

Peatland Areas of high 
landscape value

High quality 
agricultural 
land

Solar Low  < 1% 52% 17%
Med  < 1% 52% 16%
High  < 1% 51% 15%

Wind Low 72% 40% 0%
Med 72% 37% 0%
High 72% 35% 0%

Bioenergy Low 34% 37% 2%
Med 28% 32% 4%
High 20% 26% 8%
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Fig. 5  Spatial distribution of solar farms when different exclusion zones are imposed (maps) and the cor-
responding cost imposed on the energy system (bar charts) for low, medium and high pathways. All results 
assuming market costs are minimised. Insets provided of south English coastline
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Fig. 6  Spatial distribution of wind farms when different exclusion zones are imposed (maps) and the cor-
responding cost imposed on energy system (bar charts) for low, medium and high pathways. All results 
assuming market costs are minimised. Insets provided of east Scottish coastline
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value, and further away from the power station, increasing the cost per TWh by 5% (see 
SI).

Under Analysis 3, where food production exclusion zones are imposed, the incremental 
financial cost of the energy system is £0.10 M (+ < 1%) and £0.50 B (+ 2%) for the high 
solar and bioenergy pathways respectively (Figs. 5c and 7c). There is a notable change in 
the spatial distribution of bioenergy crops when high-quality agricultural land is excluded, 
with more land in central and eastern England having to be used for bioenergy crops as the 
availability of land in other areas of the country dwindles (Fig.  7c). If moderate-quality 
agricultural land (ALC 3) is also excluded, the expansion of bioenergy becomes technically 
and economically infeasible for all but the lowest estimates of future bioenergy crop expan-
sion (see SI).8 In comparison, there is no increase in the market cost of the energy sys-
tem when wind farms are excluded from high-quality agricultural land, as wind farms are 
not allocated to this land even when no exclusions are in place (Fig. 6c). These costs are 
small as the ADVENT-NEV model includes the value of the foregone agricultural produc-
tion associated with converting agricultural land to energy generation, therefore partially 
including the food production value that these areas of land provide in all of its analyses.

Finally, when multiple exclusion zones are imposed (i.e. Analysis 4), we see that the 
increases in market costs compound. For example, when multiple exclusion zones are 
applied to solar and wind farms, the market costs of the energy system increases by up to 
£0.63 B (+ 2%) and £19.17 B (+ 62%) respectively (Figs. 5d; 6d). Indeed, when all of the 
exclusion zones are applied to bioenergy, so much land is made unavailable for use by the 

0
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2

Financial Cost of Exclusions for each Pathway (£ B)

Low
Med
High

Bioenergy
a) Analysis 1
No exclusions

b) Analysis 2
Environmental exclusions

c) Analysis 3
Food production 

exclusions

d) Analysis 4
Multiple exclusions* 

Pathway

*Mul�ple exclusions result in the high pathway being infeasible.

Fig. 7  Spatial distribution of bioenergy power stations (diamonds) and bioenergy crops (squares) when 
different exclusion zones are imposed (maps) and the corresponding cost imposed on energy system (bar 
charts) for low, medium and high pathways. All results assuming market costs are minimised

8 This is not particularly surprising given that ALC 3 land accounts for nearly half of all agricultural land 
in GB.
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energy system that the highest bioenergy pathway is not even possible (Fig. 7d). The low 
and medium pathways remain feasible, but the exclusion zones impose a cost of £0.21 B 
(+ 4%) and £0.48 B (+ 5%) respectively (Fig. 7d).

3.3  Changes to the Non‑Market and Social Cost of the Energy System When 
Exclusion Zones are Imposed

The underpinning motivation for exclusion zones, both in previous studies and in energy 
policies, is that they ensure a better outcome for society. In this section, we test that 
assumption by comparing the increase in the market costs, as identified in Sect. 4.2, with 
the change in non-market costs resulting from the imposition of different exclusion zones. 
Our null hypothesis is that non-market costs should fall on account of the exclusion zone 
and that reduction in non-market costs should more than compensate for the increased mar-
ket costs. In other words, the social cost of the energy system should decrease when the 
exclusions are imposed.

Table 3 provides details of that analysis for the high pathways, reporting the changes 
in market, non-market and social costs when different exclusion zones are imposed. The 
high pathway is shown to highlight the most striking results, however, results for the low 
and medium pathways are provided in the SI. Note how solar and wind farms result in 
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net positive non-market costs, no matter which analysis is undertaken, whereas bioenergy 
provides net negative non-market costs (i.e. benefits) (Table  3; Fig.  8). This is because 
the ADVENT-NEV model identifies solar and wind farms overall impacts on ecosystem 
services to be negative, largely due to visual disamenity and greenhouse gas emissions, 
whereas bioenergy crops provide an overall positive impact on the environment through 
the provision of a variety of ecosystem service benefits including carbon sequestration, 
pollination and water quality (Fig. 8).

From Table 3, it transpires that for the high pathways our null hypothesis only holds for 
analyses in which wind farms are excluded from areas of high environmental importance. 
The social costs of the high wind pathway decreases by £5.93 B (– 7%) when environmen-
tal exclusion zones are imposed on their own and £5.89 B (– 7%) when food production 
zones are applied as well (Table 3; Fig. 8). As such, our analysis supports the idea that 
applying environmental exclusion zones to wind power provides a reasonable proxy for 
ecosystem service values; the exclusion zone effectively decreases the social costs of the 
energy system. A more detailed analysis of these findings reveals that this result is due 
to the carbon sequestration benefits of excluding peatlands.9 The SI shows how the null 
hypothesis also holds for the low and medium bioenergy pathways when environmental 
exclusions are applied, with the social cost of the pathways decreasing by 3%, due to the 
carbon sequestration benefits of protecting peatlands.

In contrast, the majority of the exclusions analysed in Table 3 result in an increase in 
the social cost of the energy system (i.e. an adverse impact on society). For example, when 
environmental exclusions are applied to solar and bioenergy’s high pathways, the social 
cost of the energy system increases by £0.60 B (+ 2%) and £0.56 B (+ 3%) respectively 

Table 3  The market, non-market and social costs of the high solar, wind and bioenergy pathway when dif-
ferent exclusion zones are imposed. Costs in brackets are changes from the no exclusion baseline

Exclusion Market cost (£ B) Non-market cost (£ B) Social cost (£ B)

Solar
None 25.53 0.35 25.88
Environmental 25.97 (+ 0.44) 0.51 (+ 0.16) 26.48 (+ 0.60)
Food production 25.62 (+ 0.01) 0.36 (+ 0.01) 25.99 (+ 0.11)
Multiple 26.16 (+ 0.63) 0.53 (+ 0.18) 26.69 (+ 0.81)
Wind
None 30.86 49.38 80.24
Environmental 49.97– (+ 19.11) 24.33 (–25.04) 74.31 (– 5.93)
Food production 30.86 (+ 0.00) 49.38 (+ 0.00) 80.24 (+ 0.00)
Multiple 50.04 (+ 19.17) 24.31 (– 25.07) 74.35 (– 5.89)
Bioenergy
None 25.07 – 6.32 18.74
Environmental 26.40 (+ 1.33) –7.10 (– 0.79) 19.30 (+ 0.56)
Food production 25.57 (+ 0.50) – 6.45 (– 0.31) 19.12 (+ 0.38)
Multiple High pathway infeasible when these exclusions are applied

9 Excluding wind farms from areas of high landscape value results in an increase in social costs (i.e. the 
null hypothesis does no hold).



386 G. Delafield et al.

1 3

(Table 3). These results imply that excluding solar and bioenergy from areas identified as 
being of environmental importance precipitates a worse overall outcome for society if the 
high pathways are followed. Similarly, when high-quality agricultural land is excluded, the 
social cost of the energy system increases by up to £0.11 B (< 1%) and £0.38 B (+ 2%) 
(Table 3). In comparison, this exclusion makes no difference to the social cost of wind.

3.4  Identification of the Magnitude of the Implied Unobserved Ecosystem Service 
Values Missing from Our Calculation of the Social Cost of the Energy System

The observed increases in the social cost of the energy system when exclusion zones are 
imposed represent the value that society would have to attach to these areas, unaccounted 
for in ADVENT-NEV’s valuation of ecosystem services, to justify strict exclusion zones 
being imposed by policy (i.e. zUnobserved

NoExcl
 ). For example, the implied unobserved value 

associated with restricting solar farms from areas of environmental protection is £0.60 B 
(Table 3). In other words, excluding solar farms from those areas would have to generate 
at least £0.60 B of value from some source other than the ecosystem services evaluated by 
ADVENT-NEV, to justify the policy intervention. For perspective, that is a value greater 
than the estimated non-market cost of the visual disamenity of all of the solar farms. Like-
wise, the implied unobserved value associated with restricting bioenergy crops from high-
quality agricultural land would need to be at least £0.38 B (Table 3). If that policy was 
being justified from food security concerns, then this would be the implicit value being 
placed on addressing that policy objective. The novelty provided by the ADVENT-NEV 
model is that it allows for the explicit identification of the implied unobserved value. Such 
quantitative information may be of central importance to decision-makers exploring the 
suitability of exclusion zones.

3.5  Changes to the Spatial Footprint of the Energy System When Exclusion Zones 
are Applied

Figure  9 shows how the spatial footprint of the energy system changes when different 
exclusion zones are imposed for the high energy pathways (see SI for low and medium 
pathway results). When exclusions are in place, the model has to choose land with lower 
energy resources (i.e. wind speeds) so more land is needed to build the infrastructure 
required to generate the same level of energy output. The spatial footprint of the high solar 
pathway increases by 2.6% from 103,125 ha to 105,782 ha when multiple exclusion zones 
are imposed (Fig. 9a). The most notable percentage increase in spatial footprint however 
is that of wind farms, when multiple exclusions are imposed the spatial footprint of the 
energy system increases by 69.6% as more wind turbines have to be built to reach the elec-
tricity generation target (Fig. 9b). In comparison, when exclusions are applied to bioenergy 
we see the largest real increase in land use, with 293,495 ha (+ 8.1%) more land used when 
environmental exclusions are imposed. To put into perspective, this is almost twice the size 
of Greater London (Fig. 9c). When multiple exclusions are put in place, as previously men-
tioned, the high bioenergy pathway is not possible.
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3.6  What Else Might be Missing from the Exclusion Zone Approach?

In this section, we compare the modelling outputs from the exclusion zone (i.e. Analy-
ses 2–4) and natural capital approaches (i.e. Analysis 5). We do this to highlight the envi-
ronmental issues that might be being overlooked when applying exclusion zones but are 
revealed by the natural capital approach. All of the results in this section are for the high 
pathway, results for the low and medium pathway are provided in the SI.

There are two issues that the natural capital approach identifies that the exclusion zone 
approach does not. First, the exclusion zone approach does not consider the fact that in cer-
tain circumstances converting land deemed as ‘highly valuable’ to renewable energy gen-
eration can provide ecosystem service benefits. This is demonstrated by Table 4 whereby 
the natural capital approach allocates bioenergy crops to areas of high landscape value 
which results in larger ecosystem service benefits (£8.82 B) compared to when exclusions 
are applied (£7.10 B). When siting decisions are made using the natural capital approach 
(i.e. Analysis 5), more bioenergy crops are actually allocated to areas of high landscape 
value than when no restrictions are imposed (i.e. Analysis 1). Second, the exclusion zone 
approach does not allow for decisions to be made at the margin. For example, the natu-
ral capital approach concludes that it is better for society to allow some renewable energy 
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infrastructure to be sited within environmental exclusion zones, than having a blanket 
ban. Table 5 highlights how the natural capital approach deems it best for society to place 
1,860 wind farms on peatlands, despite the known greenhouse gas emissions associated 
with doing this (Nayak et al. 2010). Indicating that the energy productivity of these loca-
tions sufficiently outweighs the greenhouse gas emission cost associated with siting wind 
farms on peat. It also highlights how the emissions associated with building wind turbines 
on peatlands are not uniform, nor are the emissions associated with land use change out-
side areas deemed important for environmental protection, demonstrated by the fact that 
although wind farms are allocated to peatlands in Analysis 5 the greenhouse gas emissions 
are still lower than Analysis 2.

The SI presents additional results reporting outcomes when exclusion zones and the nat-
ural capital approach are pursued simultaneously and show that in that analysis the social 
costs of the energy system increase still further. If the social costs identified by the natural 
capital approach and that arising under the combined approach were similar, that would 
imply that the exclusion zones capture the value of ecosystem services to the same extent 
as the natural capital approach. This additional analysis shows this not to be true.

4  Discussion

4.1  Research Question 1: How do the Exclusion Zones Impact the Market Costs 
of the Energy System?

The ADVENT-NEV model has provided detailed insights into the cost imposed on the 
energy system when environmental and food production exclusion zones are applied. By 

Table 4  Total spatial footprint of bioenergy crops in areas of high landscape value and the total social cost 
of the high bioenergy pathway depending on whether financial or social optimisation is pursued, and which 
exclusion zones are imposed

Analysis Spatial footprint of bioenergy crops 
in areas of high landscape value (ha)

Non-market 
costs (£ B 
NPV)

Social cost of 
pathway (£ B 
NPV)

1 No exclusion 626,308 – 6.32 18.74
2 Environmental exclusion 0 – 7.10 19.44
5 Natural capital approach 659,239 – 8.82 17.36

Table 5  Total greenhouse gas emissions (from soil carbon and agricultural land use change), number of 
wind farms on peatlands and the total social cost of the high wind pathway depending on whether financial 
or social optimisation is pursued and which exclusion zones are imposed

Analysis Greenhouse gas emissions 
 (MtCO2eq/year)

No. of wind farms on 
peatlands

Social cost 
(£ B NPV)

1 No exclusion 43.65 2599 80.24
2 Environmental exclusion 11.79 0 74.31
5 Natural capital approach 4.10 1860 43.57
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making these costs explicit, the ADVENT-NEV model highlights that the value placed 
on land deemed important for environmental protection or food production is substantial 
(e.g. up to £19.17 B placed on multiple exclusion zones in wind’s high pathway). These 
increases in market costs occur principally because there is an overlap between the least-
cost locations for siting renewable energy technologies and areas of land deemed to be 
important for the environment or food production in GB, as well as a lack of alternative 
locations which are of a similar cost per MWh. The implications of exclusion zones in 
other countries is therefore likely to be strongly linked to these two conditions (i.e. overlap 
and availability of alternative locations).

4.2  Research Question 2: How do the Exclusion Zones Impact the Non‑Market 
and Social Costs of the Energy System?

Our analyses reveal that for particular renewable energy siting decisions exclusion zones 
succeed in delivering a reduction in social costs (i.e. environmental exclusions on wind 
farms). More frequently, however, those exclusions only served to increase social costs. 
For instance, this paper shows how environmental exclusions increase the social cost of the 
energy system, by £0.60 B for the high solar pathway and £0.56 B for the high bioenergy 
pathway.

4.3  Research Question 3: If the Social Cost of the Energy System Increases 
When Exclusion Zones are Applied, What is the Implied ‘Unobserved’ value 
that society Must Attach to these Zones, Unaccounted for in our Valuation 
of Ecosystem Services, to Justify the Use of These Exclusion Zones?

The instances in which the social cost of the energy system increases when exclusion zones 
are applied theoretically implies that either (a) the imposition of such exclusion zones 
could lead to an energy system that is not ‘best’ for society or (b) that there is an implied 
‘unobserved’ value inherent within the exclusion zone which is not accounted for within 
the natural capital approach. It is possible, for example, that our valuation of the ecosys-
tem services provided by environmentally important areas may have been underestimated 
and that the application of an exclusion zone would actually increase social value. The 
ADVENT-NEV model sheds light on this implied ‘unobserved’ value would need to be 
for the exclusion zone to be justifiable. For example, it highlights how the ADVENT-NEV 
model must be under-estimating the value of areas important for environmental protection 
by £0.6 B to justify excluding solar farms from these areas. Although there is uncertainty 
within this point estimates, they provide an initial estimate to work from.

We know that the ADVENT-NEV model’s calculation of non-market costs is only par-
tial. The value of biodiversity, other than pollination, is particularly difficult to quantify 
and monetise and has therefore been excluded from this study (Dasgupta et al. 2021). This 
study is unable to determine if the biodiversity which would be lost if wind farms were 
built in National Parks is of greater value than the biodiversity that could be lost if the wind 
turbines were located elsewhere. Some studies have argued that UK National Parks do not 
necessarily contain large amounts of biodiversity, that they were not chosen specifically 
for their biodiversity value and instead they are valued more for their scenic value and 
their perceived ‘naturalness’ (Leader-Williams et  al. 1990). It could therefore be argued 
that National Parks exclusion zones are not a particularly good proxy for biodiversity in 
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the UK, and that other methods of identifying how land use change will affect biodiversity 
are needed. Further research is required to explore these complexities, for example, stud-
ies could consider how biodiversity net gain could be incorporated into energy decision-
making to compare how exclusion zones impact biodiversity alongside the identified social 
cost.

Other implied ‘unobserved’ values of exclusion zones not included in the ADVENT-
NEV model are those of place attachment and landscape character. The visual impact esti-
mates included in the ADVENT-NEV model do not capture the specific scenic qualities of 
areas of high landscape value, nor the place attachment that individuals might feel towards 
these areas, as these have not been quantified or monetised by previous studies (Devine-
Wright 2011; Manzo and Devine-Wright 2013; Rand and Hoen 2017). It is possible, for 
example, that the visual disamenity impacts of siting wind farms is higher in these areas, 
prized for their visual beauty, than landscapes which are more urbanised (e.g. with major 
roads and buildings). This study provides an estimate of what these missing values would 
need to be to feed into the wider discussion regarding the use of exclusion zones in land 
use and energy policy.

4.4  Research Question 4: How do the Exclusion Zones Impact the Spatial Footprint 
of the Energy System?

As the ADVENT-NEV model is spatially-explicit, its outputs reveal how the total spa-
tial footprint of the energy system changes when exclusion zones are imposed. This is a 
result of energy infrastructure having to be allocated to more locations with a higher cost 
per MWh, which increases the total number of solar panels, wind turbines or bioenergy 
crop fields required to meet the set energy generation targets.10 Only a few studies have 
explicitly looked at whether more land is needed to generate the same amount of energy 
if exclusion zones are put in place (e.g. Kiesecker et al. 2011), others consider the impact 
indirectly (e.g. Neumann et al. 2021). For example, Kiesecker et al. (2011) found that only 
siting energy infrastructure on disturbed land in the United States increased the spatial 
footprint of the energy system by 11%.11 Other studies overlook this impact assuming that 
the spatial footprint per MWh is the same no matter what exclusion zones are imposed (e.g. 
Kienast et al. 2017).

It is interesting to note that the spatial footprints estimated for bioenergy in this study 
are considerably higher than those reported by the UK government’s formal advisory body 
on climate change, the Committee on Climate Change (CCC) (CCC 2018a). The high bio-
energy pathway (72 TWh/year), which is similar to the electricity output stated in CCC’s 
high biomass / natural peatland scenario (80 TWh/year), is shown to result in a spatial 
footprint of 3.62–3.91 M ha, this is three times higher than the CCC’s estimate of 1.2 M ha 
even when no exclusion zones are in place (CCC 2018a). The differences between the 
amount of land to meet specific energy targets is due to various factors. First, the CCC 
assume  higher bioenergy crop yields and a much smaller amount of biomass is needed 

10 If more energy infrastructure has to be built to meet targets, the cost of upgrading the electricity network 
is likely to increase too. The ability of the electricity network to accommodate new energy infrastructure is 
a key constraint of energy system planning (Calvert et al., 2013). Although this study includes substation 
upgrade costs, these could under-estimate the costs associated with such clustered building of new energy 
infrastructure.
11 National Parks were excluded in the baseline analysis in Kiesecker et al. (2011).
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per TWh of electricity generation (0.19 M tonnes/TWh) compared to this study (0.65 M 
tonnes/TWh).12 Second, the CCC does not consider how the average bioenergy crop yield 
may decrease when different exclusions are applied.13 By excluding crops from the most 
fertile and productive land, the ADVENT-NEV model shows how bioenergy crops begin to 
be planted on land with lower average yields. In previous studies average values for yield 
calculated at coarser spatial resolutions, or use of a national average may mask this spatial 
effect. A combination of these assumptions explains why the CCC estimate of land use is 
lower than those estimated in this paper.

In addition, previous studies typically do not make any assumptions regarding where 
power stations will be built, overlooking the fact that bioenergy crops need to be physically 
and financially available to a power station (e.g. Lovett et al. 2014). Bioenergy crops need 
to be grown close to the bioenergy power station to be financially viable, therefore studies 
which add up the total amount of biomass that could be grown in a country are overlooking 
the fact that not all of this biomass can be utilised.

Furthermore, it is possible that if spatial restrictions were to be imposed on the energy 
system, the mix of the electricity system would change thereby impacting the system’s spa-
tial footprint. For example, if the deployment of renewable energy in the terrestrial envi-
ronment was restricted, then we may see an energy system which relies more heavily on 
technologies that are built offshore or have smaller spatial footprints (Price et  al. 2018, 
2020). While outside the scope of this paper, there is a need for policy analyses to explore 
such trade-offs, perhaps most fundamentally in choosing between between siting renewable 
energy in the terrestrial and marine environment.

Another complexity associated with the land use change assumed in this paper, is the 
implication it would have on food production. Unless land was freed up through the inten-
sification of agriculture or through dietary changes, converting agricultural land to elec-
tricity generation would likely impact food production leading to indirect land use change 
either within the UK or abroad (Sanchez et al. 2012; Konadu et al. 2015; CCC 2020). This 
indirect land use change could potentially result in adverse ecosystem service impacts 
that undermine the benefits associated with the deployment of new renewable energy 
technology.

4.5  Research Question 5: What Other Environmental Issues Might be Overlooked 
by the Exclusion Zone Approach?

This paper highlights how exclusion zones do not allow for nuanced trade-offs between 
energy, society, and nature. First, the use of exclusion zones implicitly assumes that build-
ing renewable energy infrastructure on land of high landscape value will result in net 
costs to society. It does not allow for the fact that renewable energy infrastructure can be 
deployed on land deemed important for environmental protection but still increase the pro-
vision of ecosystem services. The natural capital approach, in comparison, highlights the 
potential environmental benefits that can be realised from deployment both within and out-
side areas perceived as being important for society. This is most notable for bioenergy, 
where our application of the natural capital approach identifies locations for bioenergy 

12 It is unclear what is driving the CCC’s assumption of amount of biomass required per TWh.
13 The CCC assumes bioenergy crop yields will be between 15–20 tonnes per ha per year (CCC, 2018a).
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crops which provide a range of valuable ecosystem services, most notably carbon seques-
tration and pollination.

Second, the exclusion zone approach does not consider the knock-on effects on the 
environment associated with restricting renewable energy deployment from certain areas. 
For example, the ADVENT-NEV model indicates that a complete ban on wind farms on 
peatlands could actually increase the social cost of the energy system as higher costs are 
incurred when wind farms have to be sited in less windy locations. This paper suggests that 
a blanket exclusion of wind farms on peatlands may well not be worth the carbon seques-
tration benefits associated with protecting them.

Overall, these insights lead us to conclude that relying heavily on exclusion zones when 
designing a future energy system could result in adverse consequences for both the cost 
and the environmental impact of the energy transition. Exclusion zones are potentially inef-
ficient policy mechanisms and the imposition of them could increase overall costs. This 
study underlines the importance of the natural capital approach in revealing the potentially 
complex implications of different siting decisions, for example those arising from an exclu-
sion zone policy (e.g. in forcing a greater total use of land by preventing siting on high 
energy-yield locations). While exclusion zones are easy to impose in analyses of energy 
systems, that does not make them a desirable policy mechanism. In contrast, the natural 
capital approach demands far more by way of data and modelling capacity but opens up 
the possibility of systematically examining siting decisions for future energy infrastruc-
ture, identifying and quantifying the trade-offs associated with different possible policy 
directions.

5  Conclusion and policy implications

As the world decarbonises, the competition for land between energy generation, nature 
protection and food production is going to increase. Decision-makers will need to decide 
how best to use land to benefit society by carefully considering the trade-offs between vari-
ous policy ambitions including: achieving net-zero, reducing fuel poverty, restoring the 
natural environment, and protecting national food security. In order to avoid the conflicts 
between energy, nature and food, previous studies and energy policies have imposed exclu-
sion zones on where renewable energy can and cannot be built. This paper has shown how 
imposing these exclusion zones place substantial market costs on GB’s energy system, up 
to £0.63 B, £19.17 B and £1.33 B for solar, wind and bioenergy respectively. In most cases, 
the social cost of the energy system also increases when exclusions are put in place. For 
example, when solar farms, wind farms and bioenergy crops are excluded from areas of 
high landscape value. This is in stark contrast to the motivation underpinning the appli-
cation of exclusion zones in a range of previous studies (i.e. as proxies for non-market 
benefits). This paper therefore concludes that exclusion zones are unlikely to be effective 
policy measures to maximise the benefits for society. That said, the calculation of social 
cost in this paper is only a partial estimate of the true social value of land use change asso-
ciated with energy infrastructure. There are uncertainties within the calculations made in 
this analysis. Our principle of using conservative values provides insights as to our ‘best 
estimates’ of the relative costs of different strategies for the placement of renewable energy 
infrastructure. While those estimates deliver numerous novel insights, we acknowledge that 
there is uncertainty over the exact magnitudes of relative costs. Future research might seek 
to quantify that uncertainty and, perhaps apply methods of optimisation under uncertainty 
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to better understand how renewable energy infrastructure might be located. That said, we 
provide novel insights into the magnitude of implied ‘unobserved’ place attachment, land-
scape aesthetic and biodiversity values that must be attached to these areas of land to jus-
tify the implementation of these exclusion zones.

Exclusion zones are also shown to increase the spatial footprint of the energy system, 
a consequence frequently overlooked. Most notable is the spatial footprint of bioenergy; 
when no exclusions are in place the high pathway results in 3.62 M ha of land use change, 
whereas when environmental exclusion zones are imposed it rises by 8.1% to 3.91 M ha. 
When multiple exclusion zones are applied to bioenergy, there is simply not enough land 
to grow the bioenergy crops required for the high bioenergy pathway. This study has there-
fore shown how exclusion zones are likely to limit the economic and physical feasibility 
of expanding domestic bioenergy crop production. This highlights that previous calls for 
limiting bioenergy crop growth from high-quality agricultural land may not be consistent 
with net-zero emissions targets.

The natural capital approach provides a framework to consider the unseen consequences 
of exclusion zones highlighting how they can have both beneficial and adverse impacts on 
food production and the provision of ecosystem services. This paper has identified how the 
natural capital approach offers a more nuanced perspective than exclusion zones, highlight-
ing how a blanket ban on certain areas may not always be best for society. Providing poli-
cymakers with spatial tools that identify how renewable energy can provide environmental 
benefits will be critical to ensure a more nuanced approach is taken to decarbonising our 
energy systems.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10640- 022- 00749-z.

Acknowledgements We would like to thank Professor Iain Donnison (Aberystwyth University), Dr Paul 
Lehmann (Leipzig University) and the two anonymous reviewers for their feedback on this manuscript. 
Additional thanks must go to all those who provided data that contributed to the development of this model: 
Professor Andrew Lovett, Dr Trudie Dockerty and Ms Gilla Sunnenberg (University of East Anglia); Dr 
Astley Hastings, Dr Anita Shepherd and Dr Fabrizio Albanito (University of Aberdeen); Professor Gail Tay-
lor and Dr Caspar Donnison (University of California Davies & University of Southampton); Dr Nathan 
Owen, Dr Mattia Mancini, Dr Amy Binner, Mr Frankie Cho, Dr Christopher Lee, Prof Ian Bateman, and 
Dr Carlos Fezzi (University of Exeter); and Professor Richard Pearson, Dr Henry Ferguson-Gow, Dr Paolo 
Agnolucci,and Professor Paul Dodds (University College London). Lastly, thanks to Dr Sebastian Dunnett 
for his time spent discussing renewable energy infrastructure and protected areas.

Author’s contribution GD: Conceptualization, Investigation, Methodology, Writing – Original draft prepa-
ration, Writing – Review & Editing, Visualization. GS: Investigation, Methodology, Writing – Review & 
Editing. BD: Conceptualization, Investigation, Methodology, Supervision, Writing – Review & Editing. 
RH: Conceptualization, Supervision, Writing – Review & Editing. AL: Investigation, Writing – Review & 
Editing.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://doi.org/10.1007/s10640-022-00749-z
https://doi.org/10.1007/s10640-022-00749-z
http://creativecommons.org/licenses/by/4.0/


394 G. Delafield et al.

1 3

References

Albanito F, Roberts S, Shepherd A, Hastings A (2022) Quantifying the land-based opportunity carbon costs 
of onshore wind farms. J Cleaner Prod 25:132480

Bateman I, Harwood A, Mace G, Watson R, Abson D, Andrews B, Binner A, Crow A, Day B, Dugdale 
S, Fezzi C, Foden J, Hadley D, Haines-Young R, Hulme M, Kontoleon A, Lovett A, Munday P, 
Pascual U, Paterson J, Perino G, Sen A, Siriwardena G, van Soest D, Termansen M (2013) Bring-
ing ecosystem services into economic decision-making: land use in the United Kingdom. Science 
341(6141):45–50

BEIS (2017) Power stations in the United Kingdom, May 2017 (DUKES 5.11). Department for Business, 
Energy & Industrial Strategy (BEIS), London

Bourke D, Stanley D, O’rourke E, Thompson R, Carnus T, Dauber J, Emmerson M, Whelan P, Hecq F, 
Flynn E, Dolan L, Stout J (2014) Response of farmland biodiversity to the introduction of bioen-
ergy crops: effects of local factors and surrounding landscape context. Global Change Biol- Bio-
energy 6(3):275–289

Calvert K, Mabee W (2015) More solar farms or more bioenergy crops? mapping and assessing potential 
land-use conflicts among renewable energy technologies in eastern Ontario, Canada. Appl Geogr 
56:209–221

Centre for Ecology and Hydrology (CEH), 2011. Land Cover Map 2007. Available at https:// www. ceh. 
ac. uk/ servi ces/ land- cover- map- 2007 (Last Accessed 09/09/2016).

Cheng V, Hammond G (2017) Life-cycle energy densities and land-take requirements of various power 
generators: a UK perspective. J Energy Inst 90(2):201–213

Churchfield MJ, Lee S, Michalakes J, Moriarty PJ (2012) A numerical study of the effects of atmos-
pheric and wake turbulence on wind turbine dynamics. J Turbul 13:1–32

Committee on Climate Change (CCC), 2011. Bioenergy review. Technical paper 2 Global and UK 
bioenergy supply scenarios. Available at: https:// www. theccc. org. uk/ /bioenergy-review/ (Last 
Accessed: 08/12/20).

Committee on Climate Change (CCC), 2018a. Land use: reducing emissions and preparing for climate 
change. Available at: https:// www. theccc. org. uk/ publi cation/ land- use- reduc ing- emiss ions- and- 
prepa ring- for- clima te- change/ (Last Accessed: 08/12/20).

Committee on Climate Change (CCC), 2018b. Biomass in a low-carbon economy. Available at: https:// 
www. theccc. org. uk/ publi cation/ bioma ss- in-a- low- carbon- econo my/ (Last Accessed: 19/05/21).

Committee on Climate Change (CCC), 2020. The Sixth Carbon Budget The UK’s path to Net Zero. 
Available at: https:// www. theccc. org. uk/ publi cation/ sixth- carbon- budget/ (Last Accessed: 
08/06/21).

Dasgupta P (2021) The economics of biodiversity: The Dasgupta Review. Available at: https:// www. gov. 
uk/ gover nment/ publi catio ns/ final- report- the- econo mics- of- biodi versi ty- the- dasgu pta- review (Last 
Accessed on 28/06/21).

Davis LW (2011) The effect of power plants on local housing values and rents. Rev Econ Stat 
93(4):1391–1402

Day B, Owen N, Binner A, Bateman I, Cho F, De-Gol A, Ferguson-Gow, H., Ferrini, S., Fezzi, C., 
Harwood, A., Lee, C., Luizzio, L., Mancini, M., Pearson, R., 2020. The Natural Environmental 
Valuation (NEV) Modelling Suite: A Summary Technical Report. LEEP Working Paper: 01/2020.

Delafield G (2021) Spatial optimisation of renewable energy deployment in Great Britain: A natural 
capital approach. PhD thesis, University of Exeter.

Denholm, P., Hand, M., Jackson, M., Ong, S., 2009.  Land use requirements of modern wind power 
plants in the United States (No. NREL/TP-6A2–45834).

Department for Communities and Local Government (DCLG), 2015. Land Value Estimates for policy 
appraisal 2015. Department for Communities and Local Government, London

Department for Energy and Climate Change (DECC), 2012. UK Bioenergy Strategy.
Department of Trade and Industry (DTI), 1998. Department of Trade and Industry wind speed database.
Department for Transport (DfT), 2016. Fuel Consumption (ENV01). Table ENV0104: Average heavy 

goods vehicle fuel consumption: Great Britain.
Deshaies M, Herrero-Luque D (2015) Wind energy and natural parks in european countries (Spain, 

France and Germany). In: Frolova M, Prados MJ, Nadaï A (eds) Renewable energies and European 
landscapes. Springer, Dordrecht, pp 217–233

Devine-Wright P (2011) Place attachment and public acceptance of renewable energy: a tidal energy 
case study. J Environ Psychol 31(4):336–343

https://www.ceh.ac.uk/services/land-cover-map-2007
https://www.ceh.ac.uk/services/land-cover-map-2007
https://www.theccc.org.uk/
https://www.theccc.org.uk/publication/land-use-reducing-emissions-and-preparing-for-climate-change/
https://www.theccc.org.uk/publication/land-use-reducing-emissions-and-preparing-for-climate-change/
https://www.theccc.org.uk/publication/biomass-in-a-low-carbon-economy/
https://www.theccc.org.uk/publication/biomass-in-a-low-carbon-economy/
https://www.theccc.org.uk/publication/sixth-carbon-budget/
https://www.gov.uk/government/publications/final-report-the-economics-of-biodiversity-the-dasgupta-review
https://www.gov.uk/government/publications/final-report-the-economics-of-biodiversity-the-dasgupta-review


395The Financial and Environmental Consequences of Renewable…

1 3

Donnison C, Holland RA, Hastings A, Armstrong LM, Eigenbrod F, Taylor G (2020) Bioenergy with 
Carbon Capture and Storage (BECCS): finding the win–wins for energy, negative emissions and 
ecosystem services—size matters. Global Change Biol - Bioenergy 12(8):586–604

Drechsler M, Egerer J, Lange M, Masurowski F, Meyerhoff J, Oehlmann M (2017) Efficient and equita-
ble spatial allocation of renewable power plants at the country scale. Nat Energy 2(9):17124

Drechsler M, Ohl C, Meyerhoff J, Eichhorn M, Monsees J (2011) Combining spatial modeling and choice 
experiments for the optimal spatial allocation of wind turbines. Energy Policy 39(6):3845–3854

Dröes, M., Koster, H., 2020. Wind turbines, solar farms, and house prices. CEPR Discussion Paper No. 
DP15023. Available at: https:// papers. ssrn. com/ sol3/ papers. cfm? abstr act_ id= 36501 38 (Last 
Accessed 10/05/21).

Dunnett S, Holland RA, Taylor G, Eigenbrod F (2022) Predicted wind and solar energy expansion has 
minimal overlap with multiple conservation priorities across global regions. Proc Natl Acad Sci 
119(6):e2104764119

Egli T, Bolliger J, Kienast F (2017) Evaluating ecosystem service trade-offs with wind electricity produc-
tion in Switzerland. Renew Sustain Energy Rev 67:863–875

Falaghi H, Singh C, Haghifam M, Ramezani M (2011) DG integrated multistage distribution system expan-
sion planning. Int J Electr Power Energy Syst 33(8):1489–1497

Hamilton SW, Schwann GM (1995) Do high voltage electric transmission lines affect property value? Land 
Econ 71:436–444

Hansen AJ, DeFries RS, Turner W (2012) Land use change and biodiversity. Land Change Sci 277–299.
Hastik R, Basso S, Geitner C, Haida C, Poljanec A, Portaccio A, Vrščaj B, Walzer C (2015) Renewable 

energies and ecosystem service impacts. Renew Sustain Energy Rev 48:608–623
Hastings A, Tallis MJ, Casella E, Matthews RW, Henshall PA, Milner S, Smith P, Taylor G (2014) The 

technical potential of Great Britain to produce ligno-cellulosic biomass for bioenergy in current and 
future climates. GCB - Bioenergy 6(2):108–122

Heintzelman MD, Tuttle CM (2012) Values in the wind: a hedonic analysis of wind power facilities. Land 
Econ 88(3):571–588

Hellegers P, Zilberman D, Steduto P, McCornick P (2008) Interactions between water, energy, food and 
environment: evolving perspectives and policy issues. Water Policy 10(1):1–10

Hernandez RR, Easter SB, Murphy-Mariscal ML, Maestre FT, Tavassoli M, Allen EB, Barrows CW, Bel-
nap J, Ochoa-Hueso R, Ravi S, Allen MF (2014) Environmental impacts of utility-scale solar energy. 
Renew Sustain Energy Rev 29:766–779

Hillier J, Walter C, Malin D, Garcia-Suarez T, Mila-i-Canals L, Smith P (2011) A farm-focused calculator 
for emissions from crop and livestock production. Environ Model Softw 26(9):1070–1078

Hinton E, Holland R, Austen M, Taylor G (2014) Bridging the gap between energy and the environment: 
a synthesis of research conducted within the UKERC Energy & Environment theme. UK Energy 
Research Centre (UKERC) Working Paper series, UKERC/WP/EE/2014/001

HM Treasury, 2017. Green Book supplementary guidance: valuation of energy use and greenhouse gas 
emissions for appraisal. Available at: https:// www. gov. uk/ gover nment/ publi catio ns/ valua tion- of- 
energy- use- and- green house- gas- emiss ions- for- appra isal (Last Accessed 07/12/20).

HM Treasury, 2018. The green book: Central government guidance on appraisal and evaluation. Available 
at https:// www. gov. uk/ gover nment/ publi catio ns/ the- green- book- appra isal- and- evalu ation- in- centr al- 
gover nent (Last Accessed 27/07/20).

Holland RA, Scott K, Agnolucci P, Rapti C, Eigenbrod F, Taylor G (2019) The influence of the global elec-
tric power system on terrestrial biodiversity. Proc Natl Acad Sci 116(51):26078–26084

Hooper T, Austen MC, Beaumont N, Heptonstall P, Holland RA, Ketsopoulou I, Taylor G, Watson J, Win-
skel M (2018) Do energy scenarios pay sufficient attention to the environment? Lessons from the UK 
to support improved policy outcomes. Energy Policy 115:397–408

International Energy Agency (IEA), 2021. Net zero by 2050 – A roadmap for the global energy sector. 
Available from https:// www. iea. org/ repor ts/ net- zero- by- 2050 (Last Accessed 18/05/21).

International Renewable Energy Agency (IRENA), 2021. Renewable capacity statistics 2021.
Jackson K, Zuteck M, Van Dam C, Standish K, Berry D (2005) Innovative design approaches for large wind 

turbine blades. Wind Energy: Int J Progr Appl Wind Power Conv Technol 8(2):141–171
Joint Research Centre of the European Commission, 2015. GHS Population Grid (LDS). Available at 

https:// ghsl. jrc. ec. europa. eu/ ghs_ pop. php (Last Accessed 08/12/20).
Karp A, Richter GM (2011) Meeting the challenge of food and energy security. J Exp Bot 62(10):3263–3271
Kienast F, Huber N, Hergert R, Bolliger J, Moran LS, Hersperger AM (2017) Conflicts between decentral-

ized renewable electricity production and landscape services–a spatially-explicit quantitative assess-
ment for Switzerland. Renew Sustain Energy Rev 67:397–407

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3650138
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
https://www.gov.uk/government/publications/the-green-book-appraisal-and-evaluation-in-central-governent
https://www.gov.uk/government/publications/the-green-book-appraisal-and-evaluation-in-central-governent
https://www.iea.org/reports/net-zero-by-2050
https://ghsl.jrc.ec.europa.eu/ghs_pop.php


396 G. Delafield et al.

1 3

Kiesecker J, Evans J, Fargione J, Doherty K, Foresman K, Kunz T, Naugle D, Nibbelink N, Niemuth N 
(2011) Win-win for wind and wildlife: a vision to facilitate sustainable development. PLoS ONE 
6(4):17566

Konadu DD, Mourão ZS, Allwood JM, Richards KS, Kopec G, McMahon R, Fenner R (2015) Land use 
implications of future energy system trajectories—the case of the UK 2050 carbon plan. Energy Pol-
icy 86:328–337

Leader-Williams N, Harrison J, Green MJB (1990) Designing protected areas to conserve natural resources. 
Sci Progr 74(2):189–204

Lester SE, Costello C, Halpern BS, Gaines SD, White C, Barth JA (2013) Evaluating tradeoffs among eco-
system services to inform marine spatial planning. Mar Policy 38:80–89

Lindfors AV, Hertsberg A, Riihelä A, Carlund T, Trentmann J, Müller R (2020) On the land-sea contrast in 
the Surface Solar Radiation (SSR) in the Baltic Region. Remote Sens 12(21):3509

Lovett A, Sünnenberg G, Dockerty T (2014) The availability of land for perennial energy crops in Great 
Britain. Global Change Biol- Bioenergy 6(2):99–107

Lovett A, Sünnenberg G, Richter G, Dailey A, Riche A, Karp A (2009) Land use implications of increased 
biomass production identified by GIS-based suitability and yield mapping for Miscanthus in England. 
Bioenergy Res 2(1–2):17–28

MacKay D (2008) Sustainable energy-without the hot air. UIT
Manzo L, Devine-Wright P (Eds) (2013) Place attachment: advances in theory, methods and applications 

(1st ed.)
Marques AT, Batalha H, Rodrigues S, Costa H, Pereira MJR, Fonseca C, Mascarenhas M, Bernardino J 

(2014) Understanding bird collisions at wind farms: an updated review on the causes and possible 
mitigation strategies. Biol Cons 179:40–52

Mendelsohn R, Olmstead S (2009) The economic valuation of environmental amenities and disamenities: 
methods and applications. Annu Rev Environ Resour 34:325–347

Met Office, 2022. UK climate averages - Sunshine duration annual average 1991–2020. Available at: 
https:// www. metoffi ce. gov. uk/ resea rch/ clima te/ maps- and- data/ uk- clima te- avera ges (Last Accessed 
22/11/22).

Milner S, Holland RA, Lovett A, Sunnenberg G, Hastings A, Smith P, Wang S, Taylor G (2016) Potential 
impacts on ecosystem services of land use transitions to second-generation bioenergy crops in GB. 
Global Change Biology - Bioenergy 8(2):317–333

Montag H, Parker G, Clarkson T (2016) The effects of solar farms on local biodiversity; a comparative 
study. Clarkson and Woods and Wychwood Biodiversity, UK.

Moran D, Sherrington C (2007) An economic assessment of windfarm power generation in Scotland includ-
ing externalities. Energy Policy 35(5):2811–2825

National Grid, 2020. Future energy scenarios data workbook. Available at: https:// www. natio nalgr ideso. 
com/ future- energy/ future- energy- scena rios/ fes- 2020- docum ents (Last accessed: 19/05/21).

Natural Capital Committee, 2015. The state of natural capital: protecting and improving natural capital for 
prosperity and wellbeing.

Natural England, 2021. Guide to assessing development proposals on agricultural land. Available at: https:// 
www. gov. uk/ gover nment/ publi catio ns/ agric ultur al- land- assess- propo sals- for- devel opment/ guide- to- 
asses sing- devel opment- propo sals- on- agric ultur al- land (Last Accessed: 01/06/21).

Nayak DR, Miller D, Nolan A, Smith P, Smith JU (2010) Calculating carbon budgets of wind farms on 
Scottish peatlands. Mires Peat 4(9):1–23

Neitsch SL, Arnold JG, Kiniry JR, Williams JR (2011) Soil and water assessment tool theoretical documen-
tation version 2009. Texas Water Resources Institute.

Neumann F (2021) Costs of regional equity and autarky in a renewable European power system. Energ Strat 
Rev 35:100652

Office for National Statistics (ONS), 2013. 2011 Census: Population Estimates by five-year age bands, and 
Household Estimates, for Local Authorities in the United Kingdom. Available at: https:// www. ons. 
gov. uk/ peopl epopu latio nandc ommun ity/ popul ation andmi grati on/ popul ation estim ates/ datas ets/ 2011c 
ensus popul ation estim atesb yfive yeara geban dsand house holde stima tesfo rloca lauth oriti esint heuni tedki 
ngdom (Last Accessed 07/12/20).

Office for National Statistics (ONS), 2020. Mean house price for national and subnational geographies. 
Available at: https:// www. ons. gov. uk/ peopl epopu latio nandc ommun ity/ housi ng/ datas ets/ meanh ousep 
ricef ornat ional andsu bnati onalg eogra phies exist ingdw ellin gsqua rterl yroll ingye arhps sadat aset14 (Last 
Accessed 07/12/20).

Ofgem, 2007. Zonal transmission losses - assessment of proposals to modify the Balancing and Settle-
ment Code. Available at https:// www. ofgem. gov. uk/ ofgem- publi catio ns/ 62047/ 17073- 3207p df (Last 
Accessed 18/04/18).

https://www.metoffice.gov.uk/research/climate/maps-and-data/uk-climate-averages
https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2020-documents
https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2020-documents
https://www.gov.uk/government/publications/agricultural-land-assess-proposals-for-development/guide-to-assessing-development-proposals-on-agricultural-land
https://www.gov.uk/government/publications/agricultural-land-assess-proposals-for-development/guide-to-assessing-development-proposals-on-agricultural-land
https://www.gov.uk/government/publications/agricultural-land-assess-proposals-for-development/guide-to-assessing-development-proposals-on-agricultural-land
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/2011censuspopulationestimatesbyfiveyearagebandsandhouseholdestimatesforlocalauthoritiesintheunitedkingdom
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/2011censuspopulationestimatesbyfiveyearagebandsandhouseholdestimatesforlocalauthoritiesintheunitedkingdom
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/2011censuspopulationestimatesbyfiveyearagebandsandhouseholdestimatesforlocalauthoritiesintheunitedkingdom
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/2011censuspopulationestimatesbyfiveyearagebandsandhouseholdestimatesforlocalauthoritiesintheunitedkingdom
https://www.ons.gov.uk/peoplepopulationandcommunity/housing/datasets/meanhousepricefornationalandsubnationalgeographiesexistingdwellingsquarterlyrollingyearhpssadataset14
https://www.ons.gov.uk/peoplepopulationandcommunity/housing/datasets/meanhousepricefornationalandsubnationalgeographiesexistingdwellingsquarterlyrollingyearhpssadataset14
https://www.ofgem.gov.uk/ofgem-publications/62047/17073-3207pdf


397The Financial and Environmental Consequences of Renewable…

1 3

Ong S, Campbell C, Denholm P, Margolis R, Heath G (2013) Land-use requirements for solar power 
plants in the United States  (No. NREL/TP-6A20–56290). National Renewable Energy Lab.
(NREL), Golden, CO (United States).

Onyango V, Illsley B, Radfar M (2013) Review of the 2Km separation distance between areas of search 
for onshore wind farms and the edge of cities, towns and villages. University of Dundee and Scot-
tish Government.

Ordnance Survey, 2022. OS Terrain 50. Available at: https:// www. ordna ncesu rvey. co. uk/ busin ess- gover 
nment/ produ cts/ terra in- 50 (Last accessed: 15/01/22).

Ostle NJ, Levy PE, Evans CD, Smith P (2009) UK land use and soil carbon sequestration. Land Use 
Policy 26:S274–S283

Overmars K, Edwards R, Padella M, Prins AG, Marelli L, Consultancy KO (2015) Estimates of indirect 
land use change from biofuels based on historical data. JRC Science and Policy Report, EUR 
26819.

Palmer D, Gottschalg R, Betts T (2019) The future scope of large-scale solar in the UK: site suitability 
and target analysis. Renew Energy 133:1136–1146

Parish ES, Hilliard MR, Baskaran LM, Dale VH, Griffiths NA, Mulholland PJ, Sorokine A, Thomas 
NA, Downing ME, Middleton RS (2012) Multimetric spatial optimization of switchgrass plant-
ings across a watershed. Biofuels, Bioprod Biorefin 6(1):58–72

Pearce D, Markandya A, Barbier E (2013) Blueprint 1: for a green economy. Routledge
Pearson RG, Dawson TP, Liu C (2004) Modelling species distributions in Britain: a hierarchical integra-

tion of climate and land-cover data. Ecography 27(3):285–298
Pletka R, Khangura J, Rawlins A, Waldren E, Wilson D (2014) Capital Costs for Transmission and Sub-

stations: Updated Recommendations for WECC Transmission Expansion Planning. Available at 
https:// www. wecc. biz/ Relia bility/ 2014_ TEPPC_ Trans missi on_ CapCo st_ Report_ B+V. pdf (Last 
Accessed: 18/04/18).

Pogson M, Richards M, Dondini M, Jones E, Hastings A, Smith P (2016) ELUM: a spatial modelling 
tool to predict soil greenhouse gas changes from land conversion to bioenergy in the UK. Environ 
Model Softw 84:458–466

Price J, Zeyringer M, Konadu D, Mourão ZS, Moore A, Sharp E (2018) Low carbon electricity systems 
for Great Britain in 2050: An energy-land-water perspective. Appl Energy 228:928–941

Price J, Mainzer K, Petrović S, Zeyringer M, McKenna R (2020) The implications of landscape visual 
impact on future highly renewable power systems: a case study for Great Britain. IEEE Trans 
Power Syst 25:6

Ragheb M, Ragheb A (2011) Wind turbines theory-the betz equation and optimal rotor tip speed ratio. 
Fundam Adv Topics Wind Power 1(1):19–38

Rand J, Hoen B (2017) Thirty years of North American wind energy acceptance research: what have we 
learned? Energy Res Soc Sci 29:135–148

Randle-Boggis RJ, White PCL, Cruz J, Parker G, Montag H, Scurlock JMO, Armstrong A (2020) Real-
ising co-benefits for natural capital and ecosystem services from solar parks: A co-developed, evi-
dence-based approach. Renew Sustain Energy Rev 125:109775

Registers of Scotland (ROS), 2020. House price statistics. Available at: https:// www. ros. gov. uk/ data- 
and- stati stics/ house- price- stati stics (Last Accessed 07/12/20).

Rehbein JA, Watson JE, Lane JL, Sonter LJ, Venter O, Atkinson SC, Allan JR (2020) Renewable 
energy development threatens many globally important biodiversity areas. Glob Change Biol 
26(5):3040–3051

Richards M, Pogson M, Dondini M, Jones EO, Hastings A, Henner DN, Tallis MJ, Casella E, Matthews 
RW, Henshall PA, Milner S (2017) High-resolution spatial modelling of greenhouse gas emissions 
from land-use change to energy crops in the United Kingdom. Global Change Biol- Bioenergy 
9(3):627–644

Roddis P, Carver S, Dallimer M, Norman P, Ziv G (2018) The role of community acceptance in planning 
outcomes for onshore wind and solar farms: an energy justice analysis. Appl Energy 226:353–364

Roddis P, Morrison A, Gove B (2016) Meeting the UK’s climate targets in harmony with nature. Report 
prepared for the Royal Society for the Protection of Birds (RSPB). May 2016.

Rogers J, Brammer J (2009) Analysis of transport costs for energy crops for use in biomass pyrolysis 
plant networks. Biomass Bioenerg 33(10):1367–1375

Rowe R, Street N, Taylor G (2009) Identifying potential environmental impacts of large-scale deploy-
ment of dedicated bioenergy crops in the UK. Renew Sustain Energy Rev 13(1):271–290

Saidur R, Rahim NA, Islam MR, Solangi KH (2011) Environmental impact of wind energy. Renew Sus-
tain Energy Rev 15(5):2423–2430

https://www.ordnancesurvey.co.uk/business-government/products/terrain-50
https://www.ordnancesurvey.co.uk/business-government/products/terrain-50
https://www.wecc.biz/Reliability/2014_TEPPC_Transmission_CapCost_Report_B+V.pdf
https://www.ros.gov.uk/data-and-statistics/house-price-statistics
https://www.ros.gov.uk/data-and-statistics/house-price-statistics


398 G. Delafield et al.

1 3

Spataru C, Drummond P, Zafeiratou E, Barrett M (2015) Long-term scenarios for reaching climate targets 
and energy security in UK. Sustain Cities Soc 17:95–109

Sultana A, Kumar A (2012) Optimal siting and size of bioenergy facilities using geographic information 
system. Appl Energy 94:192–201

Sunak Y, Höfer T, Siddique H, Madlener R, De Doncker RW (2015) A GIS-based decision support system 
for the optimal siting of wind farm projects. E.ON Energy Research Centre.

Šúri M, Huld T, Dunlop E (2005) PV-GIS: a web-based solar radiation database for the calculation of PV 
potential in Europe. Int J Sustain Energ 24(2):55–67

Tafarte P, Lehmann P (2019) Trade-Offs associated with the spatial allocation of future onshore wind gen-
eration capacity–a case study for Germany. In Energy Challenges for the Next Decade, 16th IAEE 
European Conference, August 25–28, 2019. International Association for Energy Economics.

Tallis M, Casella E, Henshall P, Aylott M, Randle T, Morison J, Taylor G (2013) Development and evalua-
tion of ForestGrowth-SRC a process-based model for short rotation coppice yield and spatial supply 
reveals poplar uses water more efficiently than willow. Global Change Biol- Bioenergy 5(1):53–66

Thiele J, Wiehe J, Gauglitz P, Lohr C, Bensmann A, Hanke-Rauschenbach R, Haaren C (2021) 100% erneu-
erbare Energien in Deutschland. Kann der Energiebedarf 2050 im Einklang mit Mensch und Natur 
gedeckt werden? Natur und Landschaft, 96 (11): 517–525.

Tröndle T, Pfenninger S, Lilliestam J (2019) Home-made or imported: on the possibility for renewable elec-
tricity autarky on all scales in Europe. Energ Strat Rev 26:100388

Upreti B (2004) Conflict over biomass energy development in the United Kingdom: some observations and 
lessons from England and Wales. Energy Policy 32(6):785–800

Valuation Office Agency, 2009. Property market report July 2009. Available at http:// webar chive. natio nalar 
chives. gov. uk/ 20110 30220 2247/ http:// www. voa. gov. uk/ publi catio ns/ prope rty_ market_ report/ pmr- jul- 
09/ intro ducti on. htm (Last Accessed: 01/05/18).

Wales Energy Crops Information Centre, 2011. Miscanthus Economics Calculator. Available at: http:// www. 
energ ycrop swales. co. uk/ misca nthus_ econo mics_ calculator.php.en (Last Accessed 20/08/20).

Wang N, Verzijlbergh RA, Heijnen PW, Herder PM (2020) A spatially explicit planning approach for power 
systems with a high share of renewable energy sources. Appl Energy 260:114233

Wang S, Wang S (2015) Impacts of wind energy on environment: a review. Renew Sustain Energy Rev 
49:437–443

Watson JJ, Hudson MD (2015) Regional Scale wind farm and solar farm suitability assessment using GIS-
assisted multi-criteria evaluation. Landsc Urban Plan 138:20–31

Welfle A, Holland RA, Donnison I, Thornley P (2020) UK Biomass availability modelling scoping report. 
Supergen bioenergy hub report no. 02/2020. Available at https:// www. super gen- bioen ergy. net/ wp- 
conte nt/ uploa ds/ 2020/ 10/ Super gen- Bioen ergy- HubUK- Bioma ss- Avail abili ty- Model ling- Scopi ng- 
Report- Publi shed- Final. pdf (Last Accessed 21/11/20).

Welsh Government, 2021. future wales - the national plan 2040.
Wen C, Dallimer M, Carver S, Ziv G (2018) Valuing the visual impact of wind farms: a calculus method for 

synthesizing choice experiments studies. Sci Total Environ 637:58–68
Western Power Distribution (WPD), 2014. Lifetime Costs Report. Available at https:// www. weste rnpow er. 

co. uk/ downl oads/ 6049 (Last Accessed 08/12/20).
Wiehe J, Thiele J, Walter A, Hashemifarzad A, Zum Hingst J, von Haaren C (2021) Nothing to regret: rec-

onciling renewable energies with human wellbeing and nature in the German energy transition. Int J 
Energy Res 45(1):745

Wind Europe, 2018. Wind energy in Europe 2018. Available at https:// winde urope. org/ wp- conte nt/ uploa ds/ 
files/ about- wind/ stati stics/ WindE urope- Annual- Stati stics- 2018. pdf (Last accessed 18/08/20).

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://webarchive.nationalarchives.gov.uk/20110302202247/http://www.voa.gov.uk/publications/property_market_report/pmr-jul-09/introduction.htm
http://webarchive.nationalarchives.gov.uk/20110302202247/http://www.voa.gov.uk/publications/property_market_report/pmr-jul-09/introduction.htm
http://webarchive.nationalarchives.gov.uk/20110302202247/http://www.voa.gov.uk/publications/property_market_report/pmr-jul-09/introduction.htm
http://www.energycropswales.co.uk/miscanthus_economics_
http://www.energycropswales.co.uk/miscanthus_economics_
https://www.supergen-bioenergy.net/wp-content/uploads/2020/10/Supergen-Bioenergy-HubUK-Biomass-Availability-Modelling-Scoping-Report-Published-Final.pdf
https://www.supergen-bioenergy.net/wp-content/uploads/2020/10/Supergen-Bioenergy-HubUK-Biomass-Availability-Modelling-Scoping-Report-Published-Final.pdf
https://www.supergen-bioenergy.net/wp-content/uploads/2020/10/Supergen-Bioenergy-HubUK-Biomass-Availability-Modelling-Scoping-Report-Published-Final.pdf
https://www.westernpower.co.uk/downloads/6049
https://www.westernpower.co.uk/downloads/6049
https://windeurope.org/wp-content/uploads/files/about-wind/statistics/WindEurope-Annual-Statistics-2018.pdf
https://windeurope.org/wp-content/uploads/files/about-wind/statistics/WindEurope-Annual-Statistics-2018.pdf

	The Financial and Environmental Consequences of Renewable Energy Exclusion Zones
	Abstract
	1 Introduction
	1.1 Using Exclusion Zones as Proxies for Environmental Protection and Food Production

	2 Methodology
	2.1 Model Description
	2.2 Exclusion Zones
	2.2.1 Exclusion Zone Analysis

	2.3 Energy Pathways

	3 Results
	3.1 Land Use Competition When No Exclusion Zones are Imposed
	3.2 Changes to the Market Cost of the Energy System When Exclusion Zones are Imposed
	3.3 Changes to the Non-Market and Social Cost of the Energy System When Exclusion Zones are Imposed
	3.4 Identification of the Magnitude of the Implied Unobserved Ecosystem Service Values Missing from Our Calculation of the Social Cost of the Energy System
	3.5 Changes to the Spatial Footprint of the Energy System When Exclusion Zones are Applied
	3.6 What Else Might be Missing from the Exclusion Zone Approach?

	4 Discussion
	4.1 Research Question 1: How do the Exclusion Zones Impact the Market Costs of the Energy System?
	4.2 Research Question 2: How do the Exclusion Zones Impact the Non-Market and Social Costs of the Energy System?
	4.3 Research Question 3: If the Social Cost of the Energy System Increases When Exclusion Zones are Applied, What is the Implied ‘Unobserved’ value that society Must Attach to these Zones, Unaccounted for in our Valuation of Ecosystem Services, to Justify
	4.4 Research Question 4: How do the Exclusion Zones Impact the Spatial Footprint of the Energy System?
	4.5 Research Question 5: What Other Environmental Issues Might be Overlooked by the Exclusion Zone Approach?

	5 Conclusion and policy implications
	Acknowledgements 
	References




