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Abstract 

Bioenergy with Carbon Capture and Storage (BECCS) features heavily in the energy 

scenarios designed to meet the Paris Agreement targets, but the models used to generate 

these scenarios do not address environmental and social implications of BECCS at the 

regional scale. We integrate ecosystem service values into a land-use optimisation tool 

to determine the favourability of six potential UK locations for a 500 MW BECCS 

power plant operating on local biomass resources. Annually, each BECCS plant requires 

2.33 Mt of biomass and generates 2.99 Mt CO2 of negative emissions and 3.72 TWh of 

electricity. We make three important discoveries: (i) the impacts of BECCS on 

ecosystem services are spatially discrete, with the most favourable locations for UK 

BECCS identified at Drax and Easington, where net annual welfare values (from the 

basket of ecosystems serives quantified) of £39 million and £25 million were generated 

respectively, with notably lower annual welfare values at Barrow (- £6 million) and 

Thames (£2 million); (ii) larger BECCS deployment beyond 500 MW reduces net social 

welfare values, with a 1 GW BECCS plant at Drax generating a net annual welfare 

value of £19 million (a 50% decline compared with the 500 MW deployment), and a 

welfare loss at all other sites; (iii) BECCS can be deployed to generate net welfare 

gains, but trade-offs and co-benefits between ecosystem services are highly site and 

context specific, and these landscape-scale, site-specific impacts should be central to 

future BECCS policy developments. For the UK, meeting the Paris Agreement targets 

through reliance on BECCS requires over 1 GW at each of the six locations considered 

here and is likely, therefore, to result in a significant welfare loss. This implies that an 

increased number of smaller BECCS deployments will be needed to ensure a win-win 

for energy, negative emissions, and ecosystem services. 
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Introduction  

Average global temperatures are now one degree warmer than during the pre-industrial era 

(Allen et al., 2018) and despite commitments made by governments under the Paris 

Agreement (UNFCCC, 2016) the current trajectory is of increased emissions and further 

warming, with a prediction that global average temperatures could breach the 1.5 oC average 

warming threshold as soon as 2030. There is, therefore, a shortfall between existing 

government’s mitigation strategies and those required to meet the Paris Agreement targets of 

limiting warming to at most 2 oC (Mulugetta et al., 2019; Rogelj et al., 2018). This has led to 

a growing interest in the development of technologies that can remove carbon from the 

atmosphere: negative emission technologies (NETs). The longer that necessary emission 

mitigation is delayed, the greater the need for NETs; in a recent IPCC Special Report all 

scenarios consistent with limiting warming to 1.5 oC, and most relating to 2 oC, required 

carbon dioxide removal of some form (Rogelj et al., 2018), with BECCS featuring in most of 

these scenarios. Additionally, whilst the focus of NET deployment has been the second half of 

the 21st century, the longer greenhouse gas emissions peak after 2020 the greater the risk that 

NETs will need to be deployment before 2050 (Obersteiner et al., 2018). Indeed, meeting the 

1.5 oC target without reliance upon BECCS requires very ambitious and immediate 

decarbonisation (Rogelj et al., 2018). 

    Whilst BECCS could support the Paris Agreement targets and climate thresholds there are 

concerns that the scale of future biomass feedstock and land-use demand may also have 

negative societal impacts and breach planetary ecological boundaries (Fuss et al., 2017; 

Creutzig et al., 2015; Heck & Popp, 2018; Smith & Torn, 2013). The level of BECCS 

required to meet the Paris targets will be determined by the role of other NETs, such as 
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afforestation, as well as the Shared Social Pathway (SSP), with a more sustainable societal 

pathway in relation to diet choice and resource-use necessitating a smaller land-use and 

reduced risks to food production and sustainable development (IPCC, 2019). Scenarios 

consistent with limiting warming to 1.5 oC (with high overshoot) require an estimated median 

6.8 Gt CO2 removal per year by 2050 and median removal per year of 14.9 Gt CO2 by 2100 

(Rogelj et al., 2018). Shukla et al. (2019) estimate a BECCS potential ranging 0.4-11.3 Gt 

CO2 by 2050. A recent systematic review concluded the sustainable potential of BECCS to be 

0.5-5 Gt CO2 removal per year by 2050 and that whilst this could increase by 2100, 

deployment of 10-20 Gt CO2 removal per year could not be achieved without severe adverse 

effects (Fuss et al., 2017). Meeting the less stringent 2 oC scenarios with BECCS still poses 

risks to ecological boundaries, with an estimated demand of 3.3 Gt C removal (equivalent to 

12.1 Gt CO2) per year by 2100 - delivering circa 170 EJ - necessitating an estimated 380-700 

M ha (equivalent to 7-25 % of global agricultural land) and water consumption equivalent to 

an additional 3 % of the existing global demand (Smith et al., 2016). Life Cycle Analysis 

(LCA) has highlighted the human health impacts associated with BECCS, as a result of air 

pollution and ecotoxicity, particularly should fertiliser use rise with bioenergy crop production 

(Luderer et al., 2019). 

    In a review of studies, Slade et al. (2014) found that in scenarios where bioenergy demand 

reaches 100-300 EJ, the range into which the Smith et al. 170 EJ scenario falls, non-

agricultural land of 100-500 Mha is required at current biomass yields, and where food 

demand is high some deforestation may also be necessary to meet bioenergy demand. These 

findings were confirmed by Creutzig et al. (2015), identifying a sustainable global bioenergy 

potential of 100 EJ, however, these studies are all limited by the use of current yield data for 

bioenergy crops, which may be under-estimating future yield improvements, by 10-30%  

(Allwright & Taylor, 2016). Beringer et al. (2011) modelled bioenergy supply scenarios, 
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estimating availability of 130-270 EJ by 2050. Dedicated bioenergy crops constitute 20-60 % 

of this total, requiring 142-454 Mha land, expanding cropland area by 10-30 % and 

approximately doubling irrigation demands. The land-use change necessary to deliver BECCS 

could also cause severe biodiversity impacts (Hof et al., 2018).  

    The Paris Agreement requires Nationally Determined Contributions for emissions 

reductions from member states. In the UK the Committee on Climate Change (CCC), an 

independent statutory body which advises the UK government on climate policy, has called 

for an immediate investment in Carbon Capture and Storage (CCS) technology in order to 

meet domestic emission targets (Committee on Climate Change, 2018b). BECCS deployment 

can be economically competitive by the 2030s (Committee on Climate Change, 2018a; UK 

Carbon Capture and Storage Cost Reduction Task Force, 2013) and CCC scenarios include up 

to 15 GW of BECCS capacity delivering 67 Mt (0.067 Gt) of CO2 removal per year by 2050, 

whilst Daggash et al. (2019) model 8.5 GW of BECCS generation capacity capturing 51 Mt 

(0.051 Gt) of CO2 per year in the UK by 2050. They estimate that meeting the UK 1.5 oC 

target would require an estimated 15 GW of BECCS capacity. The necessity for early 

deployment of BECCS is reflected in these ambitious 2050 scenarios. 

    At the national level, the implementation of climate change policy is subject to 

various constraints. Adoption of BECCS will necessitate accepting environmental, 

social, and economic costs relating to production, processing and transportation of 

biomass, and transport and storage options for captured CO2 (Baik et al., 2018). 

However, currently these implications are not well understood or quantified, and this 

represents a research gap (Stoy et al., 2018). A recent analysis of BECCS in the UK 

explored the availability of marginal land to deliver sustainable BECCS power and 

deliver co-benefits (Albanito et al., 2019), however no study to date integrates all of the 

environmental values of relevance to spatial BECCS deployment. BECCS strategies 
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must also be implemented within the context of other policy priorities for the 

environment, society, and economy. In this study, we follow a similar framework to that 

used in the UK National Ecosystem Assessment (Bateman et al., 2014) which helped 

influence the 25 year Environment Plan, the central commitment of which is to ensure 

that UK natural capital is at least maintained over the next 25 years (HM Government, 

2018). Here we address a research gap by assessing the environmental demands, co-

benefits, and trade-offs, in addition to technology considerations associated with the 

spatial deployment of BECCS regionally, using the UK as a case study. We first 

develop a plausible location-specific scenario for large-scale BECCS power plants in 

the UK, and then generate land-use scenarios for domestic bioenergy crop resources 

using a land-use optimisatoon tool, comparing the social and environmental 

implications at each location quantitatively.  

Materials and methods 

Identifying plausible BECCS sites and characteristics in the UK 

BECCS locations and power station characteristics required for successful UK deployment 

were identified using a set of criteria that were quantified from available literature and other 

sources. These criteria were:  
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Table 1  Key feedstock and technological assumptions for UK BECCS scenario based on literature review 

Factor Assumption Reason Source 

Deployment year 

 

2030 Estimate of first possible commercial BECCS 
deployment. 

Drax (2014); Committee 
on Climate Change 
(2018a) 

CCS Technology 

 

Unit Size 

Post-combustion 
(amine) 

500 MW 

This technology has the highest commercial readiness, 
alternatives are unlikely to be ready by 2030. 

Economies of scale in establishment and running costs 
and improved efficiencies of larger plant size. 

ETI (2016); Bui et al., 
(2018) 

Drax (2014); Koornneef et 
al. (2012) 

Cooling system Wet / hybrid 

 

Wet (in coastal/tidal location) or hybrid (using 
freshwater inland). 

Byers et al. (2014) 

 

Water footprint 
vs non-CCS 

 

Location 

 

Up to 100% higher 

 

 

Coastal 

 

Northeast England 

 

Double vs non-CCS under wet cooling or approx. 1.3 
times higher under hybrid cooling system (operating at 
35 % dry 65 % wet). 

Tidal or sea water opportunities for use in the cooling 
system, assuming future water constraints. 

Close to port access for CO2 export and storage sites. 

Greatest regional water availability for power station 
water cooling needs and close to CO2 storage sites. 

Byers et al. (2014) 

 

 

Byers et al. (2014) 

ETI (2016) 

Byers et al. (2014) 

Thermal power 
efficiency  

33 % Based on a post-combustion amine carbon capture with 
wet cooling system. 

Daggash et al. (2019); 
Drax (2014); Nicolas et al. 
(2017); Rubin, Davison, & 
Herzog (2015) 

Domestic land 
demand 

Domestic 
feedstocks are used 
only 

Domestic bioenergy crop feedstock will be needed to 
contribute to a UK BECCS scenario. 

Committee on Climate 
Change (2015); ETI 
(2016); Committee on 
Climate Change (2018a) 

Domestic 
feedstock  

Feedstock type 

 

Feedstock 
demand 

100 km radius of 
power plant 

Dedicated 
bioenergy crops 

2.33 Mt 

For fuel cost and emission reasons feedstock is sourced 
from within 100km of the power plant. 

Demand necessitates fast-growing bioenergy crops, 
which can deliver some environmental benefits. 

Estimate based on power station thermal efficiency of 
33 % and load capacity factor of 85 %, with bioenergy 
fuel of calorific value 4.8 kWh per kilogram.  

Kumar & Sokhansanj 
(2007) 

Committee on Climate 
Change (2018a) 

Drax (2014); Forest 
Research (2019) BEIS 
(2014) 

    

Deployment year. Commercially viable operation of BECCS has been identified as 

achievable by 2030 (ETI, 2016; Committee on Climate Change, 2018a). An estimated 1.5 Gt 

CO2e of North Sea storage capacity is estimated to be available by 2030, sufficient to service 

up to 10 GW of energy capacity (ETI, 2016).  

Location. Captured CO2 could be exported to North Sea storage sites using an offshore pipe 

network or initially via gas carrier vessels. The CO2 export would be most likely from the east 
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coast, adjacent to the North Sea for pipeline connections, and where suitable port 

infrastructure already exists. 

    Inland pipeline networks are not only expensive but also require public acceptance and 

planning permission that can delay construction (Noothout et al., 2014). The initial 

deployment of BECCS would most likely draw upon existing infrastructure and minimise the 

costs and complexities of long-distance transport of either CO2 or biomass feedstocks (Turner 

et al., 2018), favouring coastal locations. Minimising onshore pipelines supports the 

deployment of BECCS power station ‘clusters’ within close proximity to existing port 

infrastructure, with favourable options identified at Thames, Barrow, and Teeside (ETI, 

2016). In addition to these options we consider BECCS deployment on existing energy 

infrastructure sites at Drax, the UK’s largest power station (Drax, 2018); Peterhead, a gas 

power plant well connected to the North Sea and previously considered for CCS (BEIS, 

2015); and Easington, a major gas terminal (See Figure 1). 

  
Fig. 1  BECCS deployment options in the UK considered here: 1) Drax, site of existing large-
scale bioenergy power station and previously proposed CCS project; 2) Easington; 3) Teeside, 
with CHP opportunity for industrial cluster and CCS infrastructure sharing opportunity with 
potential industrial CCS cluster 4) Barrow; 5) Peterhead, site of previously proposed CCS 
project. 6) Thames, with CHP opportunity to London region.  
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CCS Technology. There are currently three CCS capture technologies options available to 

BECCS (Finney et al., 2019):  

• Post-combustion capture uses solvents (typically amines) to strip CO2 from the flue 

gases. The CO2 is separated by heating and then compressed for transportation;  

• Oxy-fuel combustion supplies pure oxygen for the combustion process, producing a 

concentrated CO2 stream which can be captured and then purified via condensing;  

• Pre-combustion capture requires the conversion of the fuel into gaseous form, 

producing a mixture of hydrogen and CO2.  

In the fossil-fuel power sector, post-combustion capture can be retrofitted to existing power 

stations and is currently the only method used in commercial-scale projects (Bui et al., 2018), 

with a capture rate of around 90 % (Adams & Mac Dowell, 2016). Oxy-fuel combustion has 

operated at demonstration facilities in the power sector (Carrasco et al., 2019) and can achieve 

a capture rate of 99 % (Ekins et al., 2017), although further research is required to reduce 

efficiency penalties (Seddighi et al., 2018). Pre-combustion capture through gasification has 

the potential to operate at lower efficiency penalties than post-combustion capture (Seddighi 

et al., 2018) and produces hydrogen which can offer flexibility through multiple energy 

vectors (Finney et al., 2019) as well as the storage of hydrogen during periods of low demand. 

However, at present pre-combustion capture is relatively untested in the power sector and has 

yet to reach commercial status (Bui et al., 2018). Owing to its existing commercial operations 

and retrofitting potential we assume that post-combustion capture will be used by the first 

BECCS systems. 

Unit size. For reasons of capital and running costs, and improved efficiencies, larger BECCS 

plant sizes of over 100 MW are favoured (Austin, 2017). Large bioenergy power stations are 

estimated to have greater thermal power efficiencies, at 30-36 % versus 25-30 % for smaller 
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bioenergy plants (Koornneef et al., 2012). In terms of CO2 transport costs, pipeline capacities 

of 10 Mt CO2 year-1 and above are estimated to deliver significant cost savings (Rubin & 

Herzog, 2015) supporting the use of large-scale power stations. Koornneef et al. (2012) 

predict bioenergy plant sizes of around 500 MW to be likely in the near future. This is similar 

to Drax power station’s proposal for a 448 MW BECCS unit (Drax, 2014) and an assumed 

size of 500 MW in two recent BECCS studies (Daggash et al., 2019; Zhang et al., 2019). We 

assume power plants sized 500 MW in our modelling. 

Cooling system. Thermoelectric power plants have a high cooling demand, which can be 

provided by either a ‘wet’ cooling system using large quantities of water, or a ‘dry’ cooling 

system using ambient air at a significantly higher financial and energetic cost (Kelly, 2006; 

European Commission, 2001). Operating power plants with CCS requires further cooling, and 

is estimated to double the water footprint of a ‘wet’ cooled power plant (Byers et al., 2015; 

Byers et al., 2014; Zhai et al., 2011). At present over 80 % of UK thermoelectric power runs 

on wet cooling (Byers et al., 2014). However, future water scarcity and potential regional 

water risks of operating CCS in the UK have been highlighted (Byers et al., 2014), indicating 

that future thermoelectric power may require dry or hybrid cooling systems if it is not 

coastally located. Indeed, it is not certain that future water permits could be granted for large-

scale BECCS power plants operating inland. We assume that the first BECCS plants would be 

located coastally or on tidal rivers, using the less costly wet cooling systems (see SI for 

details). 

Plant thermal power efficiency. BECCS system efficiencies are expected to be 

considerably lower compared to non-CCS bioenergy power stations. Koornneef et al. (2012) 

estimate a BECCS power plant (using a Circulating Fluidised Bed) to operate at a thermal 

efficiency of 37 %. Drax estimated that operating CCS with their existing biomass power 

generation system would lead to a 24 % fall in thermal efficiency, to 33 % (Drax, 2015), 
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whilst others have estimated similar overall declines of around 25 % (Nicolas et al., 2017). 

Daggash et al. (2019) assume a thermal efficiency of 35 %, although this is based on a 

scenario of co-firing biomass with coal (Bui et al., 2017). We assume a thermal efficiency of 

33 % in our modelling. 

Feedstock demand. BECCS power plants sized 500 MW, operating at 85 % capacity factor 

with a 33 % thermal efficiency would generate an estimated 3.72 TWh y-1 and capture 2.99 

Mt CO2 y-1. This would require an estimated 2.33 Mt of fuel annually, based on an estimated 

4.8 MWh per tonne of fuel (BEIS, 2014; Forest Research, 2019) (See SI for details). 

 

Feedstock sourcing. Drax power station - the only large-scale biomass power station 

currently operating in the UK - imports the majority of its approximately 7 Mt annual wood 

fuel demand, enjoying the economies of scale of a well-developed international supply chain. 

This supply chain - which mostly utilises sawmill waste wood and low-grade wood - has 

potential for expansion although it represents a limited biomass resource (Poyry, 2017). 

Dedicated bioenergy crops are expected to perform a major role under high future bioenergy 

demand (Beringer et al., 2011; Slade et al., 2014) and under BECCS deployment in the UK, 

including from domestic feedstocks (ETI, 2016; Committee on Climate Change, 2018a). Only 

domestic feedstocks are used to satisfy power station demand in our scenario. At current 

averages yields of 12 t ha-1 y-1 (DEFRA, 2019a), meeting 2.33 Mt of feedstock for one 500 

MW plant would equate to approximately 194,000 ha (0.194 Mha) of UK land, or 

approximately 2 % of the 9.1 Mha of land technically available for bioenergy production 

(Lovett et al., 2014). 

Domestic feedstock sourcing. Estimates of land available in the UK to grow bioenergy 

crops without increasing pressure on existing food security range from 0.45-1.4 Mha in 

studies that utilise low grade agricultural land and also exclude land which has a high nature 
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conservation value (Aylott et al., 2010; Clifton-Brown et al., 2016; Lovett et al., 2014; Wynn 

et al., 2016; Aylott et al., 2010). The CCC identify 1 Mha of land available for sustainably 

sourced biomass, which combined with imports could help deliver an estimated 22-67 Mt CO2 

y-1 of negative emissions by 2050 (Committee on Climate Change, 2018a). The Energy 

Technologies Institute estimate that biomass imports could be combined with 1.4 Mha 

dedicated to bioenergy crops to deliver 55 Mt CO2 y-1 of negative emissions by the 2050s, 

mostly through increasing utilisation of grasslands and excess crop production land (Wynn et 

al., 2016).  

    These estimates are national scale and distributed across the country, however it is doubtful 

that it will be economically and logistically practical to fully utilise these resources for the 

concentrated demand of large-scale BECCS. The development of the Drax supply chain has 

also shown the desire for a centralised supply-chain, as opposed to dealing with a large 

number of dispersed small suppliers. Whilst carbon costs of transport typically account for a 

small proportion of the overall lifecycle emissions of bioenergy crops (ETI, 2016), 

maximising the negative emissions of BECCS would also support sourcing domestic 

feedstock from a relatively small radius of the power plant, with the road haulage of non-

densified bioenergy crops carrying relatively higher transport emissions (Hastings et al., 

2017). Additionally, at present there is no infrastructure for the densification of bioenergy 

feedstocks within the UK and we assume that this is unlikely to develop under an initial 

BECCS deployment. Depending upon whether the biomass feedstock is in pellet, straw, or 

bale form, transporting 1 tonne 100 km with road haulage would emit 7.0-31.0 kg CO2 eq. 

according to one study (Whittaker et al., 2009), comparable to an equivalent 7.1-26.6 kg CO2 

eq. over the same 100 km distance in another study (Hastings et al., 2017). Here we use the 

Hastings et al. data on carbon and economic cost estimates of harvest transport using bales (as 

used by Albanito et al., 2019), assuming that processing costs are constant at all locations and 



FINDING THE WIN-WINS FOR BIOENERGY WITH CCS     13      
 

thus not considered further. We explore the implications of a 100 km (62 miles) distance 

constraint on the land available for a BECCS power plant supply chain.  

Feedstock type. In recognition of the poor GHG balance of first generation food crops used 

in bioenergy chains (ETI, 2016a), bioenergy feedstocks considered here are second 

generation, non-food lignocellulosic crops of short rotation coppice (SRC) poplar or willow 

and Miscanthus. These crops are favoured for their superior yields on marginal land 

(Allwright & Taylor, 2016; Hastings et al., 2014), and enhanced impacts upon soil quality, 

pollination, water quality, regional cooling effects, and other ecosystem services compared to 

first generation food crops used for bioenergy (Milner et al., 2016; Holland et al., 2015; 

McCalmont et al., 2015; Robertson et al., 2017; Georgescu et al., 2011). The UK at present 

has just 8,000 hectares of dedicated bioenergy crops but the barriers to expansion have been 

researched, particularly for Miscanthus where technical barriers have been deemed 

sufficiently met (Clifton-Brown et al., 2016). Nevertheless, the scale-up required under a 

BECCS scenario would be substantial.  

    We quantified changes in soil organic carbon (SOC) of land use change (LUC) to 

bioenergy crops but not the total mitigation potential of agricultural greenhouse gas (GHG) 

emissions associated with this LUC, usually determined by a whole Life Cycle Analysis 

(LCA, Rowe et al., 2011), because this is complex, with outcomes depending on crop type 

(e.g. Miscanthus versus SRC), the counterfactual land-use (arable, rotational grass, permanent 

grass or forestry), the length of rotation, the use of the biomass, and because both positive and 

negative impacts of land use change to bioenergy cropping on GHG balance have been 

reported (Harris et al., 2015; McCalmont et al., 2015; Richards et al., 2017). Inconsistencies 

between empirical and modelled data are also apparent (Harris et al., 2017; Richards et al., 

2017; Whitaker et al., 2018) and are highly dependent on LCA model inputs influenced by 

individual farm management practices (for example, crop yield, crop type, and nitrogen 
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fertilizer application) and final use of biomass. Future research will focus on unravelling these 

complexities for overall impacts of UK BECCS deployment, using the optimisation 

framework described here. However, their absence in this current study does not detract from 

the central findings on trade-offs and co-benefits. 

Ecosystem Services and Land-use Scenarios 

We assessed BECCS sustainability and environmental impacts using an economic ecosystem 

service assessment framework, similar to that described by Bateman et al. (2013). Ideally, 

stocks of natural capital and not just the flows would be quantified. However, there are 

difficulties with the existing methods of measuring natural capital, whilst quantifying 

ecosystem service flows is more thoroughly researched and can inform improved decision-

making (Bateman et al., 2013). We analysed the impacts of land-use change for four key 

environmental indicators, using ecosystem services of bioenergy yield (a provisioning 

service), agricultural output (a provisioning service), soil organic carbon (a regulating service) 

and flood mitigation (a regulating service). We used constraints for two further environmental 

indicators: water stress and landscape impact. Data limitations restricted us to this set of six 

indicators, although they reflect and extend previous research quantifying the ecosystem 

service impacts of bioenergy crops (Gissi et al., 2016). 

Biomass Productivity 

Two process-based models were used to generate yield estimates of bioenergy crops at a 1 × 1 

km2 basis across the UK: the ForestGrowth-SRC model estimated yields for poplar and 

willow SRC (Tallis et al., 2013) and MiscanFor generated estimates for Miscanthus yields 

(Hastings et al., 2009). Both models used soil data from the Harmonised Soil World Database 

(HSWD; FAO/IIASA/ISRIC/ISSCAS/JRC, 2012), at a 0.00833 degree resolution, and 

UKCP09 climate data from the UK Met Office, at a 25 × 25 km2 resolution (Jenkins et al., 
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2009). The two models were also ground-truthed with yield data from trial sites across the UK 

(Tallis et al., 2013; Hastings et al., 2014). The models operate at a daily time-step and we 

annualised yield outputs to calculate a decadal average for 2030, with yield maps published 

previously by Hastings et al. (2014). Yield estimates were used as well as establishment and 

annual costs from Hastings et al. (2017), an estimated market price of £75 per tonne - 

comparable to recent long-term prices offered by Miscanthus supplier Terravesta (Terravesta, 

2013) - and a discount rate of 3.5 %, as used by the UK government in policy appraisal (HM 

Treasury, 2018), to calculate the Net Present Value of the bioenergy crop over a 20 year 

horizon, and annual gross margin for bioenergy productivity within each 1 × 1 km2 cell. 

Agricultural Productivity 

Estimates of the land available in the UK to grow bioenergy crops without increasing pressure 

on existing food security have been considered above, ranging from 0.45-1.4 Mha (Clifton-

Brown et al., 2016; Wynn et al., 2016; Aylott et al., 2010; Lovett et al., 2014; Committee on 

Climate Change, 2018a). As has been noted, with these land availability estimates dispersed 

across the UK and, given the requirement for a spatially concentrated supply chain sourced 

from within 100 km of the power plant, a BECCS scenario may require the use of some 

agricultural land that would otherwise have been used in food production. It was important in 

the analysis to estimate the lost agricultural output of this land-use change, to enable scenario 

comparison. In the UK National Ecosystem Assessment modelling lost agricultural output - 

calculated as farm gross margin - was expressed as an ‘opportunity cost’ (Bateman, et al., 

2013). This ‘opportunity cost’ represents the value that the land could have generated if 

bioenergy crops were not grown on it. When bioenergy crops are grown on lower grade 

agricultural land (ALC 4-5) the opportunity cost is low. However, the feedstock demand of 

BECCS could necessitate the conversion of higher value land (ALC 1-3). Monetary 
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opportunity cost estimates at a 1 × 1 km2 resolution were obtained using gross margin 

estimates of an econometric agricultural value model (Fezzi & Bateman, 2011) which was 

used to perform similar analysis in the National Ecosystem Assessment modelling (Bateman 

et al., 2014). This model uses historical data from the June Agricultural Census (DEFRA, 

2019b) survey to determine land-use, soil, meteorological, and historic price data. 

Carbon – Soil Organic Carbon 

Soil carbon (Soil Organic Carbon) from growing bioenergy crops was taken from the 

Ecosystem and Land-use model (ELUM, Pogson et al., 2016) which used the model ECOSSE 

(Estimation of Carbon in Organic Soils – Sequestration and Emissions, Smith et al., 2010) to 

estimate spatially explicit soil carbon accumulation values at a 1 × 1 km2 resolution across the 

UK (Pogson et al., 2016; Richards et al., 2017). We calculated the value of carbon mitigation 

through soil organic carbon, applying the Marginal Abatement Cost value published by the 

UK government (BEIS, 2018) and therefore firmly placed in the decision-making process. 

Transport Costs    

As noted, the UK lacks biomass densification infrastructure, and so for each 1 × 1 km2 cell 

transportation costs were estimated for the road haulage of harvested biomass in bale form to 

the power station. A weighting factor which accounts for deviation of the road network from 

the shortest path, termed road sinuosity, was applied to the transport costs. To calculate this, 

for each road segment of the UK road network the ratio was calculated between the length of 

the road segment and the shortest path between the two end points of the road segment. These 

ratios were then used to calculate road sinuosity values at a 1 × 1 km2 basis. For each of the 

BECCS locations of interest, the average road sinuosity value for that location was calculated 

by averaging the road sinuosity values of all of the 1 × 1 km2 cells within the 100 km radius 
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region. We added to this financial cost a monetised carbon cost of transport, using estimates 

of the carbon cost of biomass transport (Hastings et al., 2017) and applying the UK 

government Marginal Abatement Cost.  

Hazard Protection - Natural Flood Management  

Flooding events are expected to become more prevalent and damaging in the UK as a 

consequence of climate change (Environment Agency, 2018a; Hoegh-Guldberg et al., 2018; 

IPCC, 2012; Hirabayashi et al., 2013) and significant sums of money are already spent on 

flood mitigation projects. There is increasing interest in natural solutions to flood protection, 

including the use of bioenergy crops. Of the limited existing research into the potential for 

bioenergy crops to provide flood mitigation, there are grounds for some reasonable 

assumptions. Bioenergy crops are described as operating like a ‘green leaky dam’, slowing the 

flow of flood water as well as retaining more water than grassland or other crops (Rose & 

Zdenka, 2015), and their high canopy interception - comparable to deciduous forestry - has 

already been identified as a potential flood mitigation benefit (Holder et al., 2018). Bioenergy 

crops also escape flood damage that could destroy other crops; both poplar and willow are 

adapted to riparian zones and able to tolerate significant flooding.  

    We used an Environment Agency spatial data layer of the best locations to plant trees for 

the mitigation of flooding (Hankin et al., 2018). These data - in polygon format - were used to 

calculate the number of hectares available for flood mitigation in each 1 × 1 km2 grid cell. We 

next searched The Economics of Ecosystems and Biodiversity (TEEB) database for published 

studies estimating the monetised mitigation benefits of natural flood management. The five 

studies used gave us a range of flood mitigation values from £14 ha-1 y-1 to £1,525 ha-1 y-1 

(Anielski & Wilson, 2005; Dubgaard et al., 2002; Environment Agency, 2009; Ledoux, 2004; 

Leschine et al., 1997). Acknowledging that more people are affected by flooding events 
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taking place in areas of high population we weighted the flood mitigation values with the 

2011 Census population density dataset for the UK (Eigenbrod et al., 2011). To do this we 

took the log population density data at the 1 × 1 km2 basis from the 2011 census. We 

calculated the linear equation between population and the TEEB values, with the intercept as 

the lowest TEEB value. This population-weighted value was combined with the spatial 

dataset of flood management locations to provide a monetary value per hectare of bioenergy 

crops planted in each 1 × 1 km2 cell.   

Water – Water Stress Index 

Second generation bioenergy crops are estimated to use water more efficiently than arable 

crops (Berndes, 2008) but also to use more water in absolute terms, owing to a higher 

evapotranspiration rate (Le et al., 2011) and higher canopy interception (Finch & Riche, 

2010). However, increased canopy interception occurs during the higher rainfall of winter 

months which can support flood mitigation (Holder et al., 2018). Bioenergy crops are also 

found to have reduced run-off and more water storage compared to arable crops (Le et al., 

2011; Stephens & Hess, 2001). Assessing the impact of bioenergy crop planting on water 

resources is therefore complex and may be catchment specific. Bioenergy crops can provide 

flood mitigation benefits, or risk water shortages, depending on the local water resources. Our 

BECCS scenario requires clustering bioenergy crops around power stations which could pose 

risks for local water resources; a study of Miscanthus cultivation in the US estimated that a 

high density of planting would have a severe impact on the hydrological cycle (Vanlooke et 

al., 2010). Tools like the land-surface JULES model (Best et al., 2011) are helping to estimate 

water consumption of bioenergy crops (Oliver et al., 2015). However, there is future 

uncertainty regarding how water demand will change in a context of growing pressures on 

water resources from climate change, a rising population, and economic development 
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(Committee on Climate Change, 2016). Owing to these complexities, and a lack of spatially 

explicit data resolved at the level required, we did not quantify water use in this analysis. 

Although this is an area where further study is warranted, here we applied a precautionary 

approach, using a well-established water stress classification metric from the Environment 

Agency to apply a constraint in the model, excluding land areas estimated to be water 

stressed, defined as those where the water flow rate is 50 % or more below the long-term rate 

(Environment Agency, 2013). We re-scaled the water stress data layer (polygon format) to 

ascribe a water stress value to each 1 × 1 km2 grid cell. Each grid cell’s water stress value 

represented the value of the polygon that covered the majority of the area of that cell. 

Accounting for the possible overlap of water-stressed land with areas of flood risk, we 

decided the model should permit bioenergy crop planting on land cells classed as water-

stressed if at least 5 ha of the cell held flood mitigation opportunities.  

Physical Constraints 

We used a set of physical constraint maps from previous modelling research (Lovett et al., 

2014) of designated areas, natural habitats, and woodland, as well as a number of physical 

constraints: slope >15 %; peat (soil C >30 %); urban areas; roads; rivers; parks, and scheduled 

monuments/world heritage sites. These exclusions were run at a 100 × 100 m2 grid cell basis 

in Lovett et al. (Lovett et al., 2014) and we used this to calculate the proportion of each 1 × 1 

km2 cell likely to be available for bioenergy crop conversion. 

Landscape Constraints 

In addition to the physical constraints from Lovett et al. (2014), we applied a landscape 

constraint. Survey and interview evidence suggests that the visual impact of bioenergy crops 

is not a concern for the public (Upham & Shackley, 2006) and that these crops can fit well 

into a UK landscape (Dockerty et al., 2009; Bell & McIntosh, 2001). However, bioenergy 
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crops are currently sparsely deployed in the UK and as crop density increases in the landscape 

there may be a threshold over which the dominance of bioenergy crop stands begin to drive 

visual disamenity (Dockerty et al., 2012; Skärbäck & Becht, 2005). This is likely to depend 

upon the context of the specific landscape in which bioenergy crops are grown as well as crop 

type, with coppice trees providing a different visual landscape to Miscanthus, which appears 

like an annual row crop as opposed to a wooded landscape. Acknowledging this, as well as 

evidence that the human experience of a landscape is positively connected to its perceived 

‘naturalness’ (Ode et al., 2009; Purcell & Lamb, 1998) we used the results of a survey of 

perceived naturalness of different land cover types (Jackson et al., 2008), as previously 

demonstrated in Lovett et al. (2014). We adopt a precautionary principle constraining planting 

to outside those regions with a high level of naturalness (a naturalness ‘score’ of over 85) 

where bioenergy crops are most likely to deliver a visual disamenity. Acknowledging the 

importance of National Parks and Areas of Outstanding Natural Beauty (AONBs) we applied 

a more stringent naturalness score threshold of 65 and above in these regions. 

Market Cost and Welfare Value 

From the ecosystem service data layers two new data layers were generated, both at the 1 × 1 

km2 grid basis: a ‘market cost’ value was calculated from the agricultural value, bioenergy 

crop value, and transport costs data, reflecting the existing market costs of growing bioenergy 

crops and delivering them to the power station, and a ‘welfare value’ was calculated which 

integrated the market cost with values for the non-market services of soil organic carbon and 

flood mitigation, as well as the carbon cost of transport. 
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Table 2  Ecosystem Services used in Modelling Analysis 

Ecosystem 
Value 

Metric(s) Data Model(s) Value/Constraint Source 

 

Bioenergy 
crop yield  

 

Yield (t ha-1 yr-1) 
and gross margin 
(£ ha-1 yr-1) 

Soils, climate, 
bioenergy crop, 
species, costs and 
revenues 

ForestGrowth-
SRC; MiscanFor 

Market values Tallis et al. 
(2013); Hastings 
et al. (2009); 
Hastings et al. 
(2014) 

Agricultural 
output  

Gross margin        
(£ ha-1 yr-1) 

Agricultural census 
farm data, climate 

Agricultural 
Model 

Market values Fezzi & Bateman 
(2011); Bateman 
et al. (2013) 

Soil Organic 
Carbon 

Soil carbon (t ha-1 
year-1) 

Soils, climate, land-use ECOSSE Non-market 
values 

Smith et al. 
(2010) 

Natural 
flood 
management 

Land availability 
for bioenergy 
crops (hectares) 

Flood zone land 
suitable for planting 
trees to mitigate 
flooding 

Suitable land data 
integrated into 
model framework 

Non-market 
values 

Environment 
Agency (2015); 
TEEB 

Water stress ‘Traffic light’ 
classification of 
land 

Soils, climate, 
projected water 
abstractions 

Water stress 
classification 
integrated into 
model framework 

Constraint Environment 
Agency (2013) 

Landscape Land availability 
for bioenergy 
crops (hectares) 

Technical avaibility of 
land; availability of 
land according to 
‘naturalness’ 
classification; National 
Parks; Areas of 
Outstanding Natural 
Beauty 

Land availability 
data integrated 
into model 
framework 

Constraint Lovett et al. 
(2014); 
Environment 
Agency (2015); 
Jackson et al. 
(2008) 

      

Land-use Spatial Optimisation 

GIS software ArcMap 10.6 was used to prepare all data to the same 1 × 1 km2 resolution 

across the UK. These data layers were downloaded from ArcMap as data matrices, resulting 

in a combined data matrix whereby each 1 × 1 km2 cell in the UK was ascribed values for all 

of the above indicators. We clipped the matrix to each BECCS location option by applying the 

100 km radius constraint. The ‘greedy’ optimisation algorithm (Cormen et al., 2013) was 

applied to each of the location matrices to optimally select land, as demonstrated in previous 

ecosystem service research (Keller et al., 2015). Two separate greedy optimisations were run 

in Matlab: one optimised bioenergy crop land-use based on minimising market costs, and the 



22     C. DONNISON et al. 
 
second optimised land-use based on maximising welfare values, subject to the additional 

water stress and landscape constraints (modelling code is available upon request). We ran the 

welfare optimisation five times, once with all of the environmental values integrated, and once 

for each of the environmental values in isolation. Depending on which values the greedy 

algorithm maximised, the optimisation first selected the 1 × 1 km2 cell of the highest value for 

bioenergy crop deployment, and then the cell of the second highest value, and so on until the 

demand total for a 500 MW BECCS power plant was reached. The market and welfare 

optimisations were also run for a 2 × 500 MW (1 GW) BECCS power plant which would 

require an estimated doubling (4.65 Mt) of the biomass demanded by a 500 MW plant. 

Running the optimisation at 1 GW allowed us to estimate the land-use and environmental 

implications of a higher BECCS deployment. 

Results 

The degree to which the optimisations of each of the individual environmental values in 

isolation led to a different land-use scenario relative to the market based scenario is shown for 

five of the BECCS location sites in Figure 2. Incomplete flood mitigation and water stress 

data availability prevented a full analysis of the Peterhead location. The greatest difference in 

land-use was seen between the flood management values and market values optimisations. 

The welfare optimisation, which integrated all the environmental values, differed from the 

market optimisation in terms of both land-use and environmental impact (Table 3). As shown 

in Table 3, in each of the BECCS location options the welfare optimisation led to an increase 

in land-use relative to the market optimisation, a decrease in agricultural value, a decrease in 

water-stressed land-use, and an increase in stored carbon and flood mitigation. Under the 

welfare optimisation, developing a 500 MW BECCS power plant generated the highest 

estimated annual social values at the Drax and Easington sites, £39 million and £25 million 
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respectively. Lower annual welfare values were exhibited at Thames (£4 million) and Teeside 

(£2 million), and a welfare loss of £6 million was estimated at Barrow. 

Fig. 2  Contrasting land-use options for bioenergy crop planting under a 500 MW BECCS 
power plant scenario at five sites across the UK: Teeside, Barrow, Easington, Drax, and 
Thames. Five separate optimisations are displayed for each site. The first column represents 
land-use under the market (agricultural and bioenergy crop values) [ ] optimisation, the 
second column optimises market values subject to the landscape constraint [ ], the third 
column optimises market values subject to the water stress constraint [ ], the fourth column 
optimises market and carbon [  ] values together, and the fifth column optimises market and 
flood management [ ] values together. Note: points in each panel represent bioenergy crop 
planting in a 1 x 1 km2 cell, but the number of hectares of bioenergy crops planted in each 1 x 
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1 km2 cell varies, depending on the land determined available according to the land-use 
constraints applied. Grey is the fill colour.  
 

Table 3   Comparisons between the resulting values of the market and welfare optimisations at each of the five 
location options, under a 500 MW BECCS scenario. For each location the two scenarios are compared based 
upon the total land-use, the land-use on water-stressed land, the change in value, in £ million (£ m) terms, of 
agricultural output, carbon, flood protection, as well as the market cost and welfare value.   

Scenario             
(500 MW) 

Land-use 
(ha) 

Water stress 
(ha) 

Agriculture value 
change (£ m) 

Carbon value 
change (£ m) 

Flood protection 
change (£ m) 

Market value 
change (£ m) 

Welfare value 
change (£ m) 

Thames market 187,887 46,079 - 53 14 7 - 25 - 4 

Thames welfare 189,395 0 - 62 15 21 - 34 2 

Drax market 165,984 24,565 - 48 9 4 -17  - 5 

Drax welfare 187,756 817 - 64 9 65 - 34 39 

Easington market 180,755 32,366 - 58 9 6 - 29 - 14 

Easington welfare 194,071 1,110 - 69 8 59 - 41 25 

Barrow market 140,169 8,928 - 49 7 4 - 20 -9 

Barrow welfare 143,275 0 - 59 7 4 - 26 - 6 

Teeside market 171,571 17,416 - 49 6 4 - 20 - 9 

Teeside welfare 177,429 0 - 59 8 25 - 29 4 

 

Comparisons of the environmental impacts that resulted from both the market and welfare 

optimisations shown in Table 3 were represented in the form of radar charts (Figure 3).  
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Fig. 3  The change in environmental indicators resulting from each of the two optimisations: 
the market (agricultural and bioenergy crop values) optimisation and the welfare optimisation 
(incorporating landscape, water stress, carbon, and flood management values). ‘Land-use’ 
refers to the land-use of each scenario; ‘Agriculture lost’ refers to the lost agricultural output 
of each scenario; ‘Carbon stored’ refers to the value of soil organic carbon accumulation 
under each scenario; ‘Flood protection’ refers to the value of flood mitigation under each 
scenario; and ‘Water stress’ refers to the quantity of water-stressed land under each scenario. 
Values were standardised to 1 in order to compare different metrics on the same graph. 

 
    Interaction between those environmental values which could be quantified was explored by 

calculating Spearman’s correlation co-efficients. These were calculated for pairs of ecosystem 

services present at each of the BECCS location options in order to establish whether a positive 

correlation or trade-off (a negative correlation) relationship existed between the ecosystem 

services. As shown in Figure 5, the Spearman’s correlation co-efficients showed a moderately 

strong relationship between bioenergy yield and soil organic carbon in two of the five sites. 

However, no or only very weak relationships were shown between all other ecosystem pairs 

(Figure 5). 
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Fig. 4   Contrasting land-use options for bioenergy crop planting under a 500 MW BECCS 
power plant scenario for five sites across the UK: Teeside, Barrow, Easington, Drax, and 
Thames. Each panel shows the difference between the market optimisation and the welfare 
optimisation (incorporating environmental values). Note: points in each panel represent 
bioenergy crop planting in a 1 x 1 km2 cell, but the number of hectares of bioenergy crops 
planted in each 1 x 1 km2 cell varies, depending on the land determined available according to 
the land-use constraints applied. Grey is the fill colour. 
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Fig. 5   Spearman’s correlation co-efficients between the quantifiable ecosystem services used 
in the analysis, shown as a heat map. We used values for lost agricultural production 
(‘Agriculture’), value of soil organic carbon accumulation (‘Carbon’), bioenergy production 
(‘Bioenergy’), and value of flood management (‘Flood’). Blue and red boxes indicate 
statistically significant co-benefit and trade-offs respectively, whilst the size of square 
indicates the correlation magnitude. See SI for p-values of all pair-wise comparisons tested. 
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Fig. 6a   Land-use for the market and welfare optimisation scenarios at Teeside, Barrow, 
Easington, Drax, and Thames, under a BECCS deployment of 500 MW (top row), and a 
doubled BECCS deployment of 1 GW (bottom row). Note: points in each panel represent 
bioenergy crop planting in a 1 x 1 km2 cell, but the number of hectares of bioenergy crops 
planted in each 1 x 1 km2 cell varies, depending on the land determined available according to 
the land-use constraints applied. Grey is the fill colour. Fig. 6b  Welfare values (£ m) 
resulting from a BECCS deployment under the welfare optimisation scenario at each of the 
five locations, and a range of BECCS deployment levels, measured in terms of MW output, 
from 100 MW to 1000 MW (1 GW).  
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Discussion and Conclusions 

We developed a land-use optimisation tool which integrated environmental and social values 

and generated land-use scenarios for site-specific deployment of BECCS in the UK. Our 

results highlight the importance of both scale and location in determining the social and 

environmental trade-offs and co-benefits resulting from regional BECCS deployment.   

Although recent BECCS research has provided detail of some of the associated environmental 

and social impacts (Luderer et al., 2019; Smith et al., 2019; Cavalett et al., 2018), these 

studies are limited in not being spatially resolved to provide detail on where trade-offs or co-

benefits may occur. Other studies have addressed the important questions relating to the 

location and size of the bioenergy resource potential for BECCS, but do not consider the 

location of BECCS infrastructure regionally (Daioglou et al., 2019; Muri, 2018). Several 

regional studies have considered location options of BECCS power stations and bioenergy 

resources, but without integrating associated social and environmental impacts (Albanito et 

al., 2019; Zhang et al., 2019). Thus, our research extends current understanding by exploring 

trade-offs, defined here as “when an increase in one service or benefit brings about a decrease 

in another service or benefit”.  

    The results of this study show that integrating environmental values into land-use decision-

making resulted in a higher net welfare value compared to a purely market-based decision 

(Table 3), as reflected in previous research for other land use change (Bateman et al., 2013), 

but reported here for the first time when considering the widescale deployment of BECCS. 

The benefits for 500 MW plants largely disappeared however when the capacity of BECCS at 

each site was increased to 1 GW. It was also found that the net social value of BECCS was 

site-specific, varying notably between the locations studied (Table 3). Each site differed with 

respect to the distribution and magnitude of environmental services present (Figure 4).  
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    The Drax site, followed by Easington, is the best location for a first BECCS deployment in 

the UK. The high welfare values at these two sites were chiefly driven by the valuable 

opportunities of growing bioenergy crops to provide flood mitigation, reflected in the high 

economic costs of flooding in the Yorkshire and Humber region (Mendoza-Tinoco et al., 

2017). The two sites, especially Drax, also benefitted from greater land area available under 

the 100 km distance constraint. These two advantages to the Drax and Easington sites 

explained why welfare value remained relatively high as BECCS deployment increased 

(Figure 6), while valuable land-use opportunities were exhausted more quickly as BECCS 

deployment increased at the three other sites. Welfare values fell sharpest at the Barrow site, 

generating a net social cost above 350 MW of BECCS deployment (Figure 6), where flood 

mitigation and soil carbon sequestration opportunities were the most limited of all sites. This 

suggests that developing BECCS in some locations, such as Barrow, would generate greater 

social costs locally or require a high dependency upon bioenergy imports from outside the 

region. The importance of integrating environmental impacts into energy scenarios has been 

highlighted in previous studies (Holland et al., 2016; Hooper et al., 2018) and the impact of 

bioenergy-driven land-use change on ecosystem services and biodiversity has also been 

reported (Milner et al., 2016; Tarr et al., 2017; Hof et al., 2018) but no previous study has 

integrated these concepts into a consideration of BECCS.  

    Only one ecosystem service pair showed a robust correlation across more than one of the 

sites. The relationships between ecosystem services studied here and the spatial pattern of 

their provision are therefore complex, as has been noted previously when considering 

bioenergy deployment and land-use change (Milner et al., 2016; Gissi et al., 2016). This 

suggests that developing a policy framework to optimise for multiple ecosystem services will 

be challenging, with no existing framework available, emphasising the importance of 

understanding the site-specific considerations for BECCS deployent. 
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    Integrated Assessment Models (IAMs) select high levels of BECCS in 1.5 oC and 2 oC 

emission pathways, with the resulting scenarios necessitating an unprecedented scale of land-

use required for bioenergy crops (Smith et al., 2016; Vaughan et al., 2018). These models 

optimise based on financial costs (Fuss et al., 2014; Smith et al., 2016; Mander et al., 2017) 

and lack spatial analysis of environmental impacts. The feasibility of IAM scenarios should be 

assessed through their integration with spatially-explicit environmental models and our study 

provides a step towards achieving a more holistic appraisal of BECCS technology, providing 

the first conceptual framework which integrates environmental and social impacts at a 

granular and site-specific level. Our results strongly suggest that sustainable limits to BECCS 

deployment exist, addressing an outstanding area of controversy that surrounds the reliance 

upon biomass feedstock for negative emissions (Creutzig et al., 2015; Fuss et al., 2017; Heck 

et al., 2018; Smith & Torn, 2013). We have shown that such a holistic appraisal can be 

quantitative, as is likely to be required by future land-use decision making tools (UK National 

Ecosystem Assessment, 2011). 

    We conducted sensitivity analyses testing the impact of increased bioenergy crop yield and 

a greater supply radius of 200 km. The sites of highest welfare values remained the most 

attractive under these scenarios, with the increased yield scenario reducing land-use and 

market costs and the increased supply radius scenario increasing welfare values across the 

sites (see SI for these scenario results and further discussion). A different approach to our 

scenario of large-scale BECCS deployment in the UK could be to deploy a greater number of 

smaller BECCS power plants, feeding into hub locations for CO2 export. Such a strategy 

could make better use of the spatially dispersed low value agricultural land in the UK. There 

are sizeable opportunities to grow bioenergy crops in the UK (Aylott et al., 2010a; Renewable 

Fuels Agency, 2008), whilst still delivering other environmental services (Holland et al., 

2015). However, as highlighted earlier, the high capital costs of BECCS infrastructure and the 
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economies of scale and improved efficiencies of larger power plants make this route unlikely 

until technological and financial barriers are removed. 

    To deliver the UK Committee on Climate Change BECCS scenario of 67 Mt (0.067 Gt) of 

CO2  removal per year by 2050 would require approximately 22 × 500 MW power stations 

across the UK, and 52 Mt of bioenergy feedstock. This level of feedstock demand is notably 

above previously discussed estimates of sustainable bioenergy supply in the UK, and would 

require approximately half of the 9.1 Mha of UK land technically available for bioenergy 

crops. Deploying this level of BECCS in the UK is not modelled in our analysis and would 

require a combination of UK and imported bioenergy feedstocks, for which there are 

associated financial (Daggash et al., 2019) and environmental costs (European Commission, 

2016). 

    Although there has been significant scientific progress since the completion of the 2005 

Millennium Ecosystem Assessment (Millennium Ecosystem Assessment, 2005), designing 

policies that meet multiple energy and environmental objectives in line with the Sustainable 

Development Goals (United Nation, 2015; Fuso and Nerini et al., 2017) such as in natural 

capital valuation, requires further progress to achieve full monetary valuation of ecosystem 

services, as highlighted in recent reviews (Mishra et al., 2019; Niquisse & Cabral, 2017). 

Policymakers can currently incorporate a limited but important set of values into the decision-

making process and across the globe there are now over 550 payments for ecosystem service 

programmes totalling an estimated $36-42 billion of annual payments (Salzman et al., 2018). 

The UK government has announced that the provision of environmental services will be 

supported through redirecting existing farm subsidy payments, following the UK’s departure 

from the EU’s Common Agricultural Policy (HM Government, 2018). This could facilitate 

farm diversification as well as supporting bioenergy crop planting on land where 

environmental service co-benefits can be delivered (Committee on Climate Change, 2018a).       
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    In the analysis here bioenergy crop yields and soil carbon are amongst those services 

currently best mapped and quantified (Milner et al., 2016; Gissi et al., 2016), whilst our 

understanding of other ecosystem services is more limited, exposing a significant research gap 

in the development of realistic scenarios and modelling frameworks for sustainable 

deployment of BECCS. For example, flood mitigation benefits exist (Rose & Zdenka, 2015) 

but placing a value on them is difficult, with limited research in this area to date. The flood 

mitigation values used in our analysis were based upon previous studies of the benefits of 

natural flood management, reflecting the financial costs of flooding. The Environment 

Agency estimated the costs of the 2015-16 winter flooding in England at £1.6 billion 

(Environmental Agency, 2018b) whilst a recent modelling exercise estimated that flood 

defences reduce river flooding damages by £1.1 billion annually in the UK (Risk Management 

Solutions, 2019). Flood risk is also spatially explicit and the regional impacts can be severe, 

with floods in 2007 estimated to have cost the Yorkshire and Humber region £2.7 billion in 

losses (Mendoza-Tinoco et al., 2017), highlighting the need to integrate these environmental 

impacts into energy scenarios.  

    It is much harder to quantify ecosystem services values for cultural and aesthetic value and 

there is a case that these values cannot be reflected by any price or quantity (McCauley, 2006; 

Small et al., 2017). Their incorporation into a decision-making framework is therefore both 

challenging and controversial. Despite this, the framework that has been used here shows the 

notable changes that result from incorporating ecosystem services that can be adequately 

quantified at present.  

    The past few years have seen an increasing sense of urgency with respect to the action 

required to meet the Paris Agreement targets. We have shown how the scale of BECCS 

deployed and its location determines environmental and social impact. In choosing BECCS as 

a means of achieving mitigation targets it will be important for policymakers to understand 
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the spatial and environmental considerations associated with BECCS at the regional scale if 

they are not to jeopardise public support and other policy goals. 
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