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Abstract  

Scotland is committed to be a carbon-neutral society by 2040 and has achieved the 
important initial step of decarbonising power production. However, more ambitious 
measures are required to fully decarbonise all of the electricity, transport and heating 
sectors. 

We explore the potential to use the low-carbon GeoEnergy resources and bio-energy 
combined with Carbon Capture and Storage (BECCS) in the Midland Valley area to 
decarbonise the Scottish economy and society. The Midland Valley has a long history of 
geological resource extraction, and as a result, the geology of the region is well-
characterised.  

Geothermal energy and subsurface energy storage have the potential to be implemented. 
Some of them, such as gravity and heat storage, could re-use the redundant mining 
infrastructure to decrease investment costs. Hydrogen storage could be of particular 
interest as the Midland Valley offers the required caprock-reservoir assemblages. BECCS is 
also a promising option to reduce overall CO2 emissions between 1.10-4.40 MtCO2/yr. The 
Midland Valley has enough space to grow the necessary crops, but CO2 storage will most 
likely be implemented in North Sea saline aquifers. The studied aspects suggest that the 
Midland Valley represents a viable option in Scotland for the exploitation of the majority of 
low-carbon GeoEnergy resources. 
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Introduction 

The Climate Change (Scotland) Act 2009 stimulated a series of energy targets for 2050, with 

interim targets for 2020 including to reduce final energy consumption by 12%, install 500 

MW of community and locally owned renewables, and for renewable sources to provide the 

equivalent of 100% of Scotland's gross annual electricity consumption and 11% of Scotland's 

heat demand.  

While the first three of these targets were met ahead of time, progress on renewable heat 

has been slow (Scottish Government, 2018a). Scotland has positioned itself as a global 

leader in the fight against climate change. The Climate Change Bill (Scotland) was amended 

in May 2019, and these changes are currently (as of July 2019) awaiting final approval from 

Scottish Parliament. The changes to the Bill commit Scotland to delivering ‘net zero’ 

greenhouse gas emissions by 2045, and ‘net zero’ carbon emissions (i.e. to be carbon 

neutral) by 2040. The Bill cements the recommendations of the IPCC report (2018), that the 

world needs to be carbon neutral by the middle of this century if the worst impacts of 

climate change are to be avoided. 

The energy transition induced by the Bills is planned to be delivered through a series of 

specific support mechanisms designed to develop large-scale renewable energy 

technologies (e.g. onshore and offshore wind, solar and marine energy) and local small-scale 

renewables, and to explore the role of bioenergy resources. However, the challenge of 

meeting such greenhouse gas reductions means that further actions will be needed in every 

home, every community, and across businesses and industry throughout Scotland. The 

nationwide energy strategy will therefore need to integrate a diverse mix of renewable 

energy sources, effective energy storage and the decarbonisation of fossil fuels.  

This paper assesses the different options to deliver on the greenhouse gas reduction targets 

using and exploiting low-carbon GeoEnergy resources and applications in Scotland. 

“GeoEnergy” is a relatively new term that encompasses energy technologies or energy 

sources that derive from or interact with the geological subsurface (Table 1). GeoEnergy 

involves processes such as energy production (geothermal energy, conventional and 

unconventional hydrocarbons), energy storage (natural gas, hydrogen gas, and thermal or 

potential energy storage), and the disposal of energy waste in geological formations 

(geological CO2 storage and radioactive waste disposal).  

The Midland Valley of Scotland is the key onshore region for the energy transition in 

Scotland: with its two biggest cities, Glasgow and Edinburgh, it is the most populated area, it 

hosts the major industrial cluster in Scotland, including the Grangemouth petrochemical 

site, which contributed 4% of Scottish GDP, and was responsible for ~10% of Scotland’s 

annual energy consumption in 2013 (INEOS, 2013). Additionally, the geology of the Midland 

Valley, mainly composed of folded sand- or clay-rich sediments, has been a target for many 

GeoEnergy subsurface operations, as shown by its long history of exploration and 

ACCEPTED M
ANUSCRIPT

 at University of Glasgow on September 13, 2019http://sjg.lyellcollection.org/Downloaded from 

http://sjg.lyellcollection.org/


 

exploitation of subsurface resources. This heritage has left mining and exploration 

infrastructure which can be re-used to lower costs for a sustainable energy industry (e.g. 

Alcalde et al., 2019). Scotland’s traditional, carbon-based GeoEnergy industry and history 

has been fundamental to the country’s economic growth, and forms a part of the backbone 

of Scottish identity and international reputation, historically and today.  

In this paper, we explore the characteristics and potential of low-carbon GeoEnergy 

opportunities (Table 1) in the Midland Valley of Scotland. We provide a brief summary of 

current and future energy perspectives to illustrate the need and potential for low-carbon 

GeoEnergy adoption. The geology, as well as the energy history of the Midland Valley, is 

subsequently introduced before we explore three approaches to using the geological assets 

within the region to deliver low-carbon energy or to reduce CO2 emissions: Energy 

extraction, subsurface energy storage and permanent disposal of CO2 in the context of 

negative emission strategies. 

This study aims to scope whether and how different GeoEnergy resources could contribute 

towards developing a sustained societally-acceptable low-carbon energy system in this 

region of Scotland before 2040 - and beyond. The use of GeoEnergy resources in the 

Midland Valley could have an important role to play in delivering a carbon neutral Scotland, 

as well as help Scotland to become a leader in these technologies. 

GeoEnergy for a Low-carbon Society 

The urgency for a transition of Scotland’s energy landscape to a low-carbon or even zero-

carbon society requires substantial investment into suitable technologies. However, what is 

considered to be ‘low-carbon’ can vary depending on the viewpoint. For this study, we used 

the recommendations summarised in the “Scottish Energy Strategy” (Scottish Government, 

2018a), which proposes measures and technologies to achieve Scotland’s ambitious low-

emission targets, and added other, in our view promising, low-carbon technologies (Table 

1).  

We define renewable heat production and geothermal energy as technically non-finite 

resources, if the systems are managed so that the heat is extracted at the same rate (or less) 

than it is replenished by natural geothermal heat flow. The carbon emissions associated 

with geothermal heat extraction are very low compared to conventional fossil fuel sources 

(McCay et al., 2019), and so the resource has the potential to significantly reduce CO2 

emissions. Energy storage of any type, which can moderate seasonal variation of heating 

and energy demand, also has the potential to increase energy usage efficiency and security. 

As an example, excess wind energy which is currently wasted and actually causes 

curtailment costs (Renewable Energy Foundation, 2019), can be stored and used during 

times of low electricity shortage. Energy storage is only discussed in this paper if the storage 

involves a low-carbon energy resource. Hence, the storage of natural gas is not included in 

our analysis because natural gas is a finite energy resource that emits CO2 when combusted 

for energy. The use and storage of hydrogen is regarded as an important part for Scotland’s 
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low-carbon future outlined in the “Scottish Energy Strategy” (Scottish Government, 2018a) 

and will also be discussed in this paper, along with other low-carbon energy storage options.  

These technology contrast with many existing GeoEnergy resources, such as shale gas or 

coal, that are unsustainable because they are finite and they emit greenhouse gases during 

their extraction or consumption. As a measure to decarbonise, we discuss the role of 

capture and permanent storage of carbon dioxide (CCS) in combination with bioenergy 

production (BECCS) as sustainable technologies to decarbonise the unsustainable portion of 

the energy sector and to provide potential for negative emissions.  

There are two operating nuclear power stations in Scotland (Torness and Hunterston), both 

located in the Midland Valley, which will continue to generate energy and radioactive waste 

and one strategy could be to use the subsurface to store nuclear waste permanently. 

However, the “Scottish Energy Strategy” (Scottish Government, 2018a) points out that the 

“economics of these (new nuclear) stations are prohibitive, especially given the falling costs 

of renewable and storage technologies”, and hence the disposal of nuclear waste has not 

been addressed in this work.   

The Energy Landscape for Scotland 

The final energy consumption in Scotland for 2015 shows that renewable energy sources 

supplied 17.8% of the total, the majority of which came from renewable electricity supply 

(equivalent to 59.5% of the electricity consumed in Scotland in 2015 (Scottish Government 

2018a). While the oil and gas sector in Scotland is on a continuous declining trajectory, 

Scotland remains one of the largest oil and gas producers in the EU (Eurostat, 2018). In 

2016/17, 96% of oil and 63% of gas produced in the UK was sourced from Scotland’s assets 

(Scottish Government, 2018b). More than half of the energy consumed in homes and 

businesses in Scotland is used for heating (Figure 1), and an estimated 79% of homes used 

natural gas as their primary heating fuel (Scottish Government, 2018b).  

The majority of energy storage in the UK is in the form of fossil fuel stocks such as gas 

storage and centralised stocks and local depots of coal and crude oil (Scottish Government, 

2018). As the UK decarbonises, these stocks are being reduced and, if national carbon 

budgets are to be met, are likely to be replaced with renewable or low-carbon storage 

options. This has implications for the resilience of the energy system, since only a small 

proportion of energy storage systems in the UK is renewable (Scottish Government, 2018a). 

The total capacity of pumped hydro is ~30 GWh, little more than 1 hour of average UK 

electricity consumption and compared to hundreds of TWh of fossil fuel based storage in 

2014 (Scottish Government, 2018a). Developing low-carbon energy storage options is 

therefore a priority (Scottish Government, 2018a). 

The rapid pace of energy system change over the past decade makes forecasting the future 

energy system in Scotland difficult and uncertain. The overall final energy demand is 

expected to decrease (Scottish Government, 2018a). However, electrification of transport 

and the heating/cooling sector will likely lead to increased electricity demand. The uptake of 
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electric heating and transport on a large scale could place extra pressure on the electricity 

system, unless networks become smarter, managing demand much more flexibly to reduce 

network constraints. Hydrogen is being investigated to support the low-carbon transition 

while requiring minimal upgrades to the power network infrastructure. Hydrogen could 

replace, or be blended with, to decarbonise industry and domestic heating and replace fossil 

fuels in vehicles. The generation of hydrogen requires either additional electricity, when 

electrolysis is used to create “green” hydrogen, or natural gas when hydrogen is made out 

of natural gas by steam methane reforming (SMR). SMR produces CO2 as a by-product and 

will could increase greenhouse emissions up to 285 gCO2/kWh (Committee on Climate 

Change, 2018), which we call “black” hydrogen, compared with the ~200 gCO2/kWh from 

direct use of natural gas. If this CO2 is captured and permanently stored, the resulting lower-

carbon process is called “blue” hydrogen which has emissions intensities of between 50-180 

gCO2/kWh, with the estimation range mainly due to varying emission related to the supply 

of methane (Committee on Climate Change, 2018).  

 

The Midland Valley of Scotland 

The Midland Valley of Scotland provides an extensive area for onshore and diverse regional 

GeoEnergy resource options. This is largely because it is the most extensive area of Scotland 

that is covered by relatively un-metamorphosed sedimentary rocks. Most of Scotland 

consists of metamorphic rocks, such as the Dalradian and Moine Supergroups to the North 

of the Midland Valley and the Ordovician-Silurian weakly metamorphosed sediments of the 

Southern Upland Accretionary Complex to the South. Although these rocks were deposited 

as sediments, they have been variously altered by enhanced pressure and temperature and 

are considered to have no matrix permeability or organic content, making them therefore 

uneconomic for most GeoEnergy operations. Only relatively small areas outside the Midland 

Valley are covered with sediments, most notably along the coast of the Moray Firth, with 

extensive Devonian and younger deposits. Scotland also contains a large quantity of igneous 

intrusions and volcanic successions. Some of the granitic intrusions have high enough heat 

flow to have been considered for geothermal energy  (McCay & Younger, 2017) but current 

high risk of target temperatures being deeper than expected due to lack of deep drilling and 

uncertainty over hydraulic properties has resulted in no project going forward at this stage 

(e.g. Milligan et al., 2016) 

Geological Background 

The Midland Valley is an elongated WSW-ENE trending sedimentary basin bounded to the 

North by the Highland Boundary fault and to the South by the Southern Upland fault (Figure 

2) (Dewey et al., 2015; Monaghan, 2014; Underhill et al., 2008). Activity on the major fault 

lineaments, formed during the lower Palaeozoic Caledonian orogeny created a mountain 

range comprising uplifted and deformed Pre-Cambrian and Early Palaeozoic rocks which 

spanned the USA, Canada, Greenland, the UK and Scandinavia (Bluck, 1985; Armstrong & 
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Owen, 2003). Significantly, the Carboniferous and the Devonian sedimentary rocks of the 

Midland Valley were mainly derived from erosion of these Caledonian mountains and 

deposited into a series of elongate NE-SW oriented basins across Britain (Greensmith, 1962; 

Lancaster et al., 2017; Leeder, 1988). 

Several Palaeozoic volcanic events have occurred in the Midland Valley and attest to the 

tectonic history, with numerous igneous, volcanic agglomerate and volcaniclastic deposits 

(Upton et al., 2004; Monaghan & Parrish, 2006; Murchison & Raymond, 1989). It is 

suggested that the dominant sedimentary rocks of the Midland Valley, the Carboniferous 

and the Devonian sediments, were derived mainly from the Caledonian mountains of East 

Greenland, Norway and NE Scotland (Greensmith, 1962; Lancaster et al., 2017). The 

structure of the Midland Valley is dominated by folding and minor reverse faulting of the 

sedimentary rocks by compressional deformation associated with the Variscan orogeny at 

the end of the Carboniferous (Coward, 1993). The anticlinal structures generated formed 

the main traps for the existing hydrocarbon fields (e.g. Hallett et al. 1985; Underhill et al. 

2008). Minor and localised tectonic events affected the Midland Valley area throughout the 

Mesozoic, although the most significant phase of post-Carboniferous deformation occurred 

during the Neogene where south-eastward tilting of the UK caused significant uplift of the 

Midland Valley strata (Wilkinson, 2016; Stoker et al. 2005; Thomson & Underhill 1993; 

Cameron & Stephenson 1985). No significant post-Carboniferous phases of deformation are 

recorded until the Neogene south-eastward tilting of the UK, which caused significant uplift 

of the Midland Valley strata (Wilkinson, 2016).  

During the Devonian, the UK was landlocked within a semi-arid continental landmass that 

led to the deposition of aeolian desert and fluvial sandstones, collectively known as the Old 

Red Sandstone facies (Browne, 2002; Kendall, 2017). The Upper Devonian part of the Old 

Red Sandstone facies in the Midland Valley, the Stratheden Group, is dominated by 

conglomerates and cross-bedded sandstones that were deposited from braided fluvial river 

systems (Ó Dochartaigh, 2004). Aeolian influence becomes more recognisable in 

stratigraphically younger units, such as the upper part of the Knox Pulpit Formation (Hall & 

Chisholm, 1997). A change back to fluvial sedimentation is defined by the overlying Upper 

Devonian to Lower Carboniferous Kinnesswood Sandstone Formation of the Inverclyde 

Group (Paterson & Hall, 1986). The total thickness of the Upper Old Red Sandstone facies 

varies significantly but maximum thicknesses of more than 1000 m exist in the West of the 

Midland Valley near Wemyss Bay at the Firth of Clyde (Bluck, 1978). Potential reservoir 

formations to be used for fluid injection, storage and/or production include sandstones 

from the Knox Pulpit and Kinnesswood Formations which outcrop to the North and South of 

the Midland Valley, and are expected to extend in the subsurface across the Midland Valley 

based on data from the Inch of Ferryton 1 well and seismic survey analysis (Monaghan et al., 

2012). These sand-rich formations are overlain by the Ballagan Formation of the Inverclyde 

Group, a Lower Carboniferous mudstone with traces of marine carbonates, gypsum and 

anhydrite (Browne et al., 1999).  
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Sub-tropical conditions characterise the deposition within the Midland Valley during the 

Carboniferous. The Lower Carboniferous Strathclyde Group deposits are dominated by thick 

(more than 100 m thick in the Craigleith quarry near Edinburgh) siltstone and sandstones 

successions, which alternate with subordinate black shale and thin limestone and coal 

horizons (Dean et al. 2011). The sediments were deposited in a range of environments 

including fluvial channels, floodplain, crevasse splay (near-coastal fluvial–deltaic) and a 

major lacustrine system called Lake Cadell, a 2000 to 3000 km2 lake with minor marine 

incursions that originated from the east (Andrews & Nabi 1994; Loftus & Greensmith, 1988; 

Greensmith, 1962). During the phases of isolation, and during times of diminished clastic 

input into the lake, laterally extensive impermeable lacustrine mudstones and thin 

fossiliferous limestones beds were deposited.  

The Upper Carboniferous Clackmannan Group comprises marine mudstones and 

limestones, which can sometimes be traced across many tens of kilometres, which are 

interrupted by permeable sandstones (Cameron & Stephenson, 1985). These sandstone 

layers are usually around 6 m thick with some up to 30 m (Cameron and Stephenson, 1985). 

As the UK continued to move northwards into a more tropical environment, deposition 

became more dominated by fluvial-deltaic and adjacent swamp environments, leading to 

the formation of the Scottish Coal Measures Group. 

The GeoEnergy History of the Midland Valley  

Carbon-based energy resources 

The coal- and hydrocarbon-based GeoEnergy industry and history have been fundamental 

to the economic growth and the industrial development of the Midland Valley, and it forms 

an important part of national identity and culture.  

Coal has been mined in Scotland since the 13th century and remained until recently to be an 

important and valuable resource in the Midland Valley, despite its decline in production 

since the peak in 1913 with 42 million tonnes (Cameron & Stephenson, 1985). Although 

large resources still exist, their mining would be uneconomical in today’s globalised market, 

and coals use in power generation in the UK has been in constant decline (Department for 

Business, Energy & Industrial Strategy, 2018). There is currently no deep mining in Scotland 

with the last Scottish deep mine complex, Longannet, east of Kincardine, ceasing production 

in 2002 (Leslie et al., 2016). Nowadays, opencast coal mining still exists, but at small scale; in 

2017 merely 0.8 million tonnes was produced, employing 159 people (Department for 

Business, Energy & Industrial Strategy, 2018). More recently, coal bed methane exploration 

started in 1993 from the Bannock Coal seam (Department of Energy & Climate Change, 

2010b).  

Although Midland Valley coal played an important role in fuelling the UK, Scotland’s role for 

the hydrocarbon industry was much greater. Hallett et al. (1985) state that “Scotland for all 

practical purposes can be regarded as the birthplace of the oil industry” and gives particular 
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praise to pioneering work of the Scotland born James “Paraffin” Young who developed the 

first commercial method of extracting oil from coal and oil shales. Hydrocarbon production 

activities started with the first extraction of oil from shales near Bathgate in 1851 

(Conacher, 1927; Hallett et al., 1985). Oil-shale continued to increase to a maximum of 2 

million barrels in 1912 before imports from the Middle East and America made it 

increasingly uneconomic and ultimately collapsed after the withdrawal of the tax 

concessions in 1964 (Hallett et al., 1985). 

The demand for oil rose rapidly during and after the First World War and, as a consequence, 

the UK commissioned a drilling program to explore potential reserves in England and 

Scotland. Two anticlines in the Carboniferous in the eastern part of the Midland Valley were 

targeted as the Scottish sites, at West Calder and D'Arcy (Figure 2). The West Calder 

campaign began in 1919 and was mainly unsuccessful; the D'Arcy well however, 

commenced in 1919, encountered gas at 221 metres and at oil at 552 metres (Hallett et al., 

1985).  

More hydrocarbon wells were drilled in the 1930s when a discovery named the Midlothian 

oil field, which continued producing until 1964, was found (Hallett et al., 1985). Subsequent 

exploration discovered more oil and gas in the Cousland-D’Arcy anticline before a low oil 

price made new exploration projects uneconomically viable between 1959 and the 1980s 

when the oil price rose again (Monaghan, 2014). Further wells were drilled during the 

1980s, and most of these wells exhibited minor oil and gas shows, for example, the Balgonie 

prospect in Fife, mainly in sandstones of the Strathclyde and the Clackmannan Group 

(Monaghan, 2014; Underhill et al., 2008). 

Geothermal energy resources  

In the 1980s, several areas of Scotland were part of a UK wide deep geothermal exploration 

effort to diversify the UK power mix. The Midland Valley was considered to have "limited 

geothermal potential" (Downing & Gray, 1986a). However, these studies were focussed 

specifically on geothermal for power production. The lower temperatures required for 

direct-heat use has led to positive re-evaluation of previously discounted resources in 

Scotland (e.g. McCay and Younger, 2017). Furthermore, later studies later studies found 

that resource potential was underestimated due to failure to account for palaeoclimatic 

effects (Westaway & Younger, 2013). 

From 2010, research efforts have focussed on deep geothermal resources in the Midland 

Valley for direct-use heat, as the Carboniferous sedimentary aquifers may offer low-carbon 

heat for space heating (Younger et al., 2015). Following favourable reports over the 

potential resource (e.g. Gillespie et al., 2013) the Scottish Government formed the 

Geothermal Energy Expert Group: a panel of geothermal experts from academia and 

industry, tasked to advise Scottish Government on how to kickstart the geothermal industry 

in Scotland. The Geothermal Energy Expert Group advised the Scottish Government to 

support geothermal through co-funding feasibility studies in Scotland, three deep 
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geothermal and one minewater feasibility studies were ultimately funded as part of 

Scotland’s Low-Carbon Infrastructure Transition Programme. The studies showed that 

successful deep-geothermal projects in a range of geological settings in Scotland could lead 

significant carbon savings compared with the gas-fired business-as-usual, but resource risk 

prevented further private investment to the projects (Brownsort & Johnson, 2017).  

GeoEnergy Applications and Resources in the Midland Valley 

Geothermal Energy Production  

The geothermal resources of the Midland Valley are defined here as deep resources 

(resources greater than 500 m depth below surface) and minewater resources which exploit 

flooded abandoned mines. We also consider a third geothermal resource: enhanced and 

ultra-deep systems (resources deeper than 5 km below surface). These resources have quite 

separate opportunities and risks.  

The direct-heat geothermal resources of the Midland Valley would likely feed into municipal 

district heat networks. District heating systems are generally conceptualised as a network of 

users, connected via a distribution network to a heat source (Talebi et al., 2016). Analysis 

suggests that in Europe district heating systems may be a cost effective alternative route to 

electrification of heat to meet emissions targets (Connolly et al., 2014).  Current district 

heating in the Midland Valley operating at around 90 °C have been designed for use with 

gas-fired “Combined Heat and Power” (CHP) and boilers. Newer designs are for district heat 

networks at lower temperatures (e.g. Lund et al. 2018). 

Deep Geothermal Resources 

The deep (>500 m) geothermal resources of the Midland Valley are contained within 

sedimentary aquifers of sufficient depth to host useable temperatures (50-90 °C). Studies of 

these aquifers at shallower depths suggest they are likely to have favourable permeability 

properties (e.g. MacDonald et al., 2004). Some work has been carried out on single borehole 

concepts in the Midland Valley which do not require permeability at depth, however the 

long term sustainability of these concepts is yet to be proven (Westaway 2018). The 

temperature and therefore depth targeted depend on the requirements of the district heat 

network that the resource would provide heat to. Geothermal resources within fractured 

igneous rocks (e.g. radiothermal granites) have not been identified in the Midland Valley 

(McCay & Younger, 2017). 

The primary consideration for the deployment of a geothermal project is that the necessary 

heat resource is present and that the rocks present permit fluid flow. Detailed constraint of 

aquifer hydraulic properties is needed to ensure geothermal systems are efficiently 

designed. If the permeability is too low then poor flow rates will lead to low heat extraction, 

but on the other hand unexpectedly high permeability can lead to thermal breakthrough. 

Comerford et al. (2018) report that flow within deep aquifers in the Midland Valley is likely 

to be structurally controlled, i.e. the majority of flow will be constrained through fractures 
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or fault zones. Therefor the hydraulic behaviour of deep aquifers resembles that of shallow 

aquifers, in which most groundwater flow is through fractures (Ó Dochtartaigh et al., 2015). 

There remain significant challenges in targeting where structurally controlled high 

permeability zones would have the most favourable aquifer properties. Such challenges led 

to poor flow results for a geothermal borehole drilled in Newcastle, NE England, to target 

formation similar to those in the Midland Valley (Younger et al., 2016).  

To date, there are no active deep geothermal projects in the Midland Valley. However, a 

number of feasibility studies and academic investigations have been completed (Table 2). 

The Guardbridge Geothermal Project (near St. Andrews) targeted sedimentary units which 

were known to be productive aquifers at depths of less than 300 m, for example the Scone 

Sandstone Formation (MacDonald et al., 2004). Robinson et al. (2016) also studied the 

geothermal potential of the Knox Pulpit Formation and the Kinnesswood Formation, based 

on information from the 567 m deep Glenrothes Borehole (Breteton et al. 1988). Younger et 

al. 2015 speculated, based on mapped stratigraphy and structure that the Kinnesswood 

Formation would be at favourable depths (2-2.5 km) in eastern Glasgow. Gravity surveys 

and further stratigraphical and structural analysis suggests that areas around Dalmarnock in 

Glasgow are the most likely location in Glasgow to target the Kinnesswood Formation at 

depths of 2-2.5 km, this work is as yet unpublished but mentioned in Watson et al. (in 

review). 

Geothermal projects in deep aquifers typically access the heat through a well doublet. In 

this set-up, two wells are used to extract geothermal fluids from the reservoir.  One well 

(also known as the production borehole) is for the extraction of water from the aquifer. 

However, significant extraction of geothermal fluids can result in undesirable drops in 

reservoir pressure demonstrated by Downing et al. (1984) while testing the Southampton 

geothermal borehole. There is the additional issue of needing to safely dispose of 

geothermal fluids on the surface. To combat these issues, a second well injects the water 

into the aquifer after heat removal. 

Projects using well-doublet need to understand the permeability and porosity properties of 

the target aquifers to assess performance (e.g. Willems et al 2017a), as there needs to be 

enough permeability to allow the production borehole to produce geothermal fluids and to 

accommodate the injected fluid. However, there needs to be enough spacing at depth 

between the two wells, or else, if the injection and production rate is not reduced, the 

production borehole will start producing cooler, recently injected water. This effect, known 

as geothermal breakthrough, would significantly diminish the performance of a geothermal 

plant (Willems et al 2017b).  

An alternative to the doublet system is using single wells. This concept involves only drilling 

one borehole and relying mostly on heat-conduction with the surrounding rock mass to 

warm fluids within the borehole (Falcone et al. 2018). A version of single well technology 

has been proposed and tested at the Rosemanowes Quarry in Cornwall (Law et al., 2015). 

The purported advantage of the method is that it requires less permeability of the rock due 
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to its closed-loop design than a doublet would require. However, Law et al. (2015) propose 

some limited extraction of around 3 l/s to increase the efficiency of the system by drawing 

in surrounding heat to the borehole. The disadvantage of single well is an order of 

magnitude lower heat yields than an equivalent doublet system, e.g. Law et al. (2015) 

predicted a 2 km borehole could yield 400 kW of heat as an upper bound estimate. These 

single-well concepts remain experimental and the long-term sustainability has been 

questioned (Westaway, 2018). 

Minewater 

Abandoned coal mines can be a source of low temperature geothermal energy. When mines 

are abandoned, the void space created during the mining is typically flooded by 

groundwater once pumping of the mine system is stopped. Minewater systems are typically 

coupled with heat pumps to provide suitable enough temperature fluids for heating at a 

district scale. A number of successful minewater heating schemes exist around the world in 

Canada, Germany, Hungary, Norway, Poland, USA and Scotland (Hall et al., 2011). The 

Mijnwater Project in Heerlen, Netherlands, is widely considered an exemplar of the 

technology, as mines at different depths (and therefore temperatures) are used as part of a 

smart district heating network to respond to variations in heating and cooling demand 

(Verhoeven et al., 2014).  

There is currently an ongoing minewater resource investigation project Dalmarnock, in the 

East end of Glasgow (Monaghan, 2017). The project includes one new seismic monitoring 

boreholes, and a number, an array of three pairs of minewater characterisation boreholes at 

45-95 m depth, and an array of environmental baseline and monitoring boreholes within 

the superficial deposits. The boreholes are designed to collect data informing heat, 

chemistry, and microbiological properties of the minewater over time, to better understand 

the minewater heat resource in this area. 

The existing schemes in Scotland are in Shettleston, Glasgow, and Lumphinnans, Fife (Banks 

et al., 2009). A number of feasibility studies have been conducted since 2010, for projects in 

the East End of Glasgow, Fortissat, Lanarkshire and Midlothian. In Shettleston water is 

extracted from 100 m depth and supply two heat pumps used to heat the water to 55 °C for 

subsequent district heating of 16 homes (Banks et al., 2009). This project is not without 

problems, with the Shettleston project suffering from iron precipitation in heat exchangers, 

maintenance difficulties, and uncertainty over depths of extraction and location of 

reinjection. A similar deployment is used at Lumphinnans at a slightly deeper mine (172 m) 

serving 18 homes, until the project was vandalised in 2005 (Banks et al., 2009; Hall et al., 

2011).  

Gillespie et al. (2013) estimated that a total of 4x1012 kWh of geothermal resource exists in 

the minewaters of the Midland Valley but the recoverable proportion of that will be lower 

and constrained by flow rate amongst other factors. Assuming a flow rate of 60 l/s/km2 the 

potentially recoverable energy is calculated to be 12 GW compared to an estimated heat 
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demand by 2020 of 33 GW across central Scotland. Though these values are larger in 

comparison to the renewable heat targets of Scotland, the actual amount exploited will 

undoubtedly be significantly less due to technical factors including the ability to 

economically retrofit for district heating, co-location of supply and demand, and trade-off 

between deeper mines having higher temperatures but respectively higher pumping costs 

(Banks et al., 2017). 

Enhanced and Ultra-Deep Geothermal Systems 

Enhanced and ultra-deep (>5 km) geothermal systems are widely proposed as promising 

geothermal development possibilities which are largely irrespective of geological properties 

(Olasolo et al., 2016). However, the Midland Valley has not had any projects proceed to 

drilling stage, such as the radiothermal granites in Cornwall   (Richards et al., 1994).  

Geological Energy Storage 

Energy storage in the subsurface is the capture of energy at one time and its storage 

underground for later use, in different forms such as hydrogen, heat, compressed air 

storage or as potential energy in gravity storage. Energy storage at different scales is vital 

for energy security and will become even more important when the distribution of carbon-

based energy is reduced for the benefit of increased renewable energy, such as wind and 

solar. For example, one of the biggest challenges for decarbonising future energy demand is 

the seasonal variation of heat demand. This can be illustrated by the variation in gas 

demand, Scotland’s main heat source, from 50 GWh per day in summer to 250 GWh per day 

in winter (Scottish Government, 2016). Additionally, an increasing percentage of renewable 

energy sources will also increase the intermittency since electricity production from wind 

and solar is also not steady. Considering these variations, it is important to prevent 

imbalances in the grid that could lead to energy shortage, net instabilities and shut-downs, 

especially by storing energy during periods of oversupply and reproducing it when demand 

exceeds supply. For the Midland Valley, four types of subsurface energy storage are 

considered in this study: gravity storage, heat storage, compressed air energy storage 

(CAES) and the storage of hydrogen. Gravity storage and large pit heat storage do not need 

permeable reservoir formations, but the others require a certain degree of permeability 

depending on the technology and the energy scenario. More importantly, the extensive 

GeoEnergy infrastructure and geological knowledge from the mining industry, mainly wells 

and vertical shafts, but also the detailed understanding of the shallow subsurface, could be 

re-used for their implementation. 

Gravity Storage  

Gravity storage is a relatively new concept based on raising a large weight to store grid 

power, then releasing that energy by lowering the weight (Aneke & Wang, 2016; Berrada & 

Loudiyi, 2019). The concept would facilitate the provision of grid balancing services on a 

short term, as an alternative to lithium batteries or diesel generators. As an example, raising 
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a 3000 tonne weight by 100 metres will store approximately 800 kWh of energy and longer 

distances or increasing the mass of the weight will allow more energy to be stored. With its 

intense mining history and the high density of vertical shafts compared to the rest of 

onshore Scotland, the Midland Valley is a promising environment for feasibility studies and 

test projects. As a part of the ongoing investigation into re-purposing abandoned mine 

shafts as vessels for gravity storage, the company Gravitricity is currently planning a 250 kW 

demonstration project which may lead to a 4 MW prototype (Schmidt, 2018). Future 

research and development will show how many, or if any, mineshafts in the Midland Valley 

are in suitable condition to be re-purposed for the provision of gravity storage.  

Heat Storage 

Heat storage is achieved using two main GeoEnergy technologies: large pit storage or 

borehole thermal storage. Typically, these storage systems are used for the winter heat 

demands of modern housing or commercial buildings with lower temperature (<50 °C) 

heating systems. For the large pit storage concept, the suitable geology would be rocks 

competent enough to provide safe bearing capacity for the weight of water. Any excess 

settlement or collapse of unidentified mining could lead to leaks from the water mass. Large 

pit storage is exemplified by the Vojens Project in Denmark which is a fully insulated pit 

filled with 200,000 m3 of water which is warmed up by 70,000 m2 of solar heat panels (Lund 

et al., 2016). In the Vojens Project, for every 1 °C of raised temperature approximately 

233,000 kWh of heat is stored.  

Borehole thermal storage, where a heated working fluid is injected in the wells and the heat 

is then stored in the surrounding rock mass, is very dependent on the thermal properties of 

the rock and stable groundwater conditions. These dictate how far the storage heat would 

penetrate into the rock, and therefore potential limits on storage potential. Stable hydraulic 

properties would also be favourable, as large groundwater flows would move the heat away 

from the storage site. As an example, the Drake Landing Solar Community in Canada hosts 

144 35 m deep boreholes which are used to store heat from a 2300 m2 of solar thermal 

collectors and allows more than 90% of the community’s heating demand to be met by solar 

heat. Building on the success of these projects, Renaldi and Friedrich (2018) investigated the 

potential of applying a similar concept to Scotland. They suggested that such a project could 

be successful in Scotland if a mixture of free heat sources, for example, solar energy and 

waste industrial heat source with integrated heat pumps could be linked. There are several 

projects in Scotland already in operation which use geo-heat-exchange to balance summer 

cooling demand with winter heating demand of commercial buildings, e.g. Robert Gordon 

University in Aberdeen which uses 66 boreholes of 200 m depth to balance such inter-

seasonal cooling and heating demand (Singh et al., 2019). Future research has to reveal if 

the Midland Valley geology is suitable for heat storage, but the use of redundant onshore 

hydrocarbon wells for heat storage could reduce construction costs significantly (Westaway, 

2016). 
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Energy Storage using Gases 

The remaining two energy storage options, CAES and hydrogen storage rely on large storage 

volumes, which are typically provided by engineered caverns in thick salt formations or in 

aquifers and depleted hydrocarbon fields. The technology for gas injection and storage in 

porous media is well established. Gas is injected into a porous and permeable reservoir 

formation, such as an aquifer or a depleted hydrocarbon field, via injection wells, and 

displaces the in-situ pore fluid, usually brine, and spreads out underneath an impermeable 

caprock (Mouli-Castillo et al., 2019; Heinemann et al., 2018; Edlmann et al., 2019). Since 

thick salt formations are absent in the Midland Valley, storage in porous media has to be 

investigated. A proven petroleum system, including hydrocarbon reservoir and seal 

assemblages, exists in the West Lothian Oil Shale Formation of Carboniferous age, and its 

eastern equivalents (Dean, 2018; Department of Energy & Climate Change, 2013). Deeper 

aquifer units of the Upper Devonian and Lower Carboniferous Old Red Sandstone are 

investigated regionally and show promising reservoir qualities for gas injection, although 

studies show that reservoir quality decreases with depth (Ó Dochartaigh, 2004). These 

formations are, among others, promising examples for future gas storage research projects 

in the Midland Valley ambitions.  

CAES is a technology which allows bulk energy storage reaching MW of power and GWh 

energy. The conventional system is composed of a compressor, an underground store and a 

gas turbine. During charging mode air is compressed into the store. The plants currently in 

operation, one in Germany and one in the US, and a planned site in Larne (Northern 

Ireland), utilise underground salt caverns as the air store, where the electricity is generated 

by expanding the air through a gas turbine fired with natural gas, also called “conventional” 

CAES (Succar & Williams, 2008). The Larne project will be the most powerful one with the 

potential to generate 330 MW for up to 6 hours. Recent research has been investigating 

subsurface porous media targets such as aquifers for CAES (Mouli-Castillo et al., 2019). The 

use of these aquifers could reduce upfront costs because no caverns have to be engineered. 

Aquifers are present in the Midland Valley, for example, the extensive Old Red Sandstone of 

Upper Devonian age, and hence the technology should be geologically applicable. More 

detailed work is required to investigate if Carboniferous formations, which are less 

extensive and consist of alternating shale and sand systems, would also be suitable targets. 

The concept of hydrogen usage and storage was already discussed at the 1st World 

Hydrogen Energy Conference in 1976, which closed with, among others, the conclusion that 

there are “no insurmountable or environmental problems” in using underground hydrogen 

storage (Walters, 1976). Onshore hydrogen storage in subsurface porous media in the 

Midland Valley could provide an opportunity to store significant amounts energy in the 

subsurface (Figure 3). The usage of hydrogen as a fuel substitute for heating and transport 

has received growing attention (Committee on Climate Change, 2018; H21 Leeds City Gate 

Core Team, 2016; Staffell et al., 2019; Alcalde et al., 2019) and several ambitious hydrogen 

pilot projects, such as H21 Leeds City Gate (England), BIG HIT (Scotland) and others would 
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be backed by additional subsurface hydrogen storage capacity. Hydrogen has high potential 

value to re-purpose gas grids, as long as the infrastructure has been upgraded to be able to 

transport hydrogen. If large volumes of hydrogen are being produced, especially as “green” 

hydrogen using excess renewable electricity, large storage space close to consumers is 

required. However, although both research and industry have become increasingly intrigued 

by the obvious advantages of the use of hydrogen, large scale storage at low cost and high 

tonnage remains unproven.  

To date, there are no commercial pure hydrogen storage in porous media projects in 

operation (Kruck, 2014). However, there is significant experience of subsurface natural gas 

storage in the UK (e.g. Wilson et al., 2010). Since natural gas storage in the Rough Field 

(southern North Sea) has come to an end, there are only two gas storage facilities left in 

porous media (Hatfield Moor and Humbly Grove with a working gas capacity equivalent of 

1.25 and 3.12 TWh, respectively) and a few more in salt caverns, all located in England (Le 

Fevre, 2013).  

The storage of hydrogen follows roughly the same principle as the natural gas storage. An 

anticline or any other trap structure prevents the injected hydrogen from escaping.  

Depleted hydrocarbon fields are often considered as a preferred potential target because a) 

their geology is well understood, b) the existing hydrocarbon infrastructure can be re-used, 

hence lowering the investment costs, and c) they have proven their ability to retain buoyant 

fluid over geological timescales. However, hydrogen is a much smaller molecule with a 

higher buoyancy compared to natural gas and hence a seal that retains natural gas may not 

be sufficient for hydrogen storage.  

In times of energy need, the stored hydrogen can be reproduced directly from the reservoir 

via production wells. A small share of the gas, often referred to as cushion gas, will remain 

in the reservoir as a precaution to maintain operational pressure and to minimise the 

possibility of water breakthrough during gas withdrawal. There is still very little known 

about a multi-phase flow system including hydrogen and more research on unwanted 

chemical and biological reactions with the injected hydrogen and about the behaviour of 

hydrogen in a water-wet porous media is needed.  

CO2 Storage and Negative Emission Technology 

The scale and severity of the accumulated anthropogenic climate change makes CO2 

emission reduction or even cessation alone insufficient to keep its consequences under 

control (Gillett et al., 2011). A potential solution to this issue is the active removal of 

atmospheric CO2 in combination with emission reduction efforts.  Negative Emission 

Technologies (NETs), together with deep CO2 emissions reductions, are likely to be required 

at a large-scale to achieve the atmospheric CO2 concentrations targeted in most climate 

change mitigation scenarios (e.g. Smith et al., 2015; Rogelj et al., 2016; IPCC, 2018). There 

are multiple NETs options that can be combined in different ways to achieve these targets. 

Smith et al. (2015) and Smith (2016) propose a methodology for obtaining the 
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characteristics and potential impacts of different land-based NETs, based on the costs and 

requirements of the following technologies: Bioenergy with carbon capture and storage 

(BECCS); direct air capture (DAC); enhanced weathering (EW) of basic and ultrabasic 

minerals; enhancing the sink capacity of forests by means of afforestation and reforestation 

(AR); soil carbon sequestration (SCS) through change of agricultural practices; and biomass 

conversion to biochar (descriptions of and references to these different NETs approaches 

can be found in Smith et al. (2015), Smith (2016) and references therein. Based on this 

methodology, Alcalde et al. (2018) calculated the potential for implementation of these 

land-based NETs in Scotland. 

Land-based NETs in the Midland Valley  

We apply the methodology of Alcalde et al. (2018) to the land-based NETs resources 

available in the Midland Valley, in terms of negative emission potential and economic and 

energy cost (Figure 4). This method combines the economic cost, energy requirement and 

negative emission potential with the available land areas for each technology. From the land 

areas provided in Alcalde et al. (2018), we employed GIS techniques to calculate the 

proportion of available land areas in the Midland Valley in terms of negative emission 

potential and economic and energy cost. We digitised the short rotation coppice suitability 

map by Andersen et al (2005) to produce an approximation to the agricultural area in 

Scotland suitable for NETs, and calculated the land proportion of each land subdivision (i.e. 

suited, highly suited and marginally suited land). Of the 1.96 Mha of available agricultural 

area in Scotland (Andersen et al., 2005), 41% (0.81 Mha) is located in the Midland Valley. 

This divides into approximately 0.52 Mha of suited land (semi-natural communities, rough 

grass), 0.19 Mha of highly suited land (arable or improved pasture) and approximately 0.1 

Mha of marginally suited land (scrub or maritime pasture). We assume that this marginally 

suited land will be the only one available for BECCS and biochar feedstock production, to 

avoid competition with food production. We only consider dedicated crops for BECCS, but 

BECCS feedstock from agricultural residues can help to reduce the competition for land with 

feedstock crops. EW or SCS do not change the land use, so we assume that they could be 

applied to the entire available land. DAC technology is both at an early stage of 

development and is not constrained by land availability (rather energy provision and storage 

availability), and so we have excluded it from our modelling. 

The results of this negative emission potential analysis are presented in Figure 5 and show 

similar characteristics as those observed for the whole of Scotland (Alcalde et al., 2018). EW 

shows the greatest CO2 abatement potential, with 2.43 - 7.60 Mt CO2/yr, and its 

implementation does not involve a change in land use, so it is combinable with other NETs. 

However, the economic cost (19 - 1215 £/t CO2)*1 and, above all, the energy involved in its 

application (0.8 - 12.6 Gj/t CO2) can penalise this technology. BECCS presents smaller, yet 

                                                      
1
 the costs of capturing and storing a t CO2 are from studies using approximate 2005 to 2015 US$ values; here we have 

converted the cost values to 2019 £. 
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significant negative emission potential (1.10 - 4.40 Mt CO2/yr), with moderate cost (27 £/t 

CO2) and potential for negative energy cost implementation (-10.5 - 2.4 Gj/t CO2). Biochar 

competes for land with BECCS, so they are mutually exclusive. The negative emission 

potential for biochar is smaller than BECCS (0.42 - 2.75 Mt CO2/yr) and the economic cost is 

highly variable (-171 - 248 £/t CO2), depending on the market and the technique used. 

However, the pyrolysis used in its making can be used to produce energy, making this 

technology energy negative (-13.6 to -5.5 Gj/t CO2).  

As reported by the Forestry Commission Scotland, the target for forest expansion is 0.1 Mha 

in the period 2012-2022, under the Scottish Government’s Land Use Strategy (Scottish 

Government, 2011). According to this target, set for the whole of Scotland, Alcalde et al. 

(2018) calculated an AR negative emission potential of 0.34 Mt C-eq./yr - or 1.25 Mt CO2/yr. 

The Scottish Government did not set regional targets for forest expansion, but most 

woodland areas are located in regions other than the Midland Valley, to the South-

Southwest (Dumfries & Galloway and South Ayrshire regions), to the Northwest (Argyll & 

Bute) and in the Highlands (WEAG, 2012). The geo-demographical characteristics of the 

Midland Valley, compared to the rest of the country (i.e. densely populated, significantly 

build-up and substantial cropland vs woodland areas), suggest that AR initiatives will be 

carried out primarily in other regions.  

In terms of greatest negative emissions potential for the Midland Valley, our analysis shows 

that the best combination would be BECCS + EW + SCS giving the maximum potential of ~15 

Mt CO2/yr removal. This compares to a CO2 emissions footprint in the Central Belt of 20.1-

22.8 Mt CO2/yr (Department for Business, Energy & Industrial Strategy, 2018) in 2018 

(depending on the local authority data included) and hence equates to 65-75% of emissions 

in the Central Belt, or 60% of Scotland’s total annual emissions. Crucially BECCS (as would 

DAC, but not assessed here) also relies heavily on the deployment of geological storage of 

CO2 (Herzog, 2011). 

The Geological Resource 

As discussed for gas energy storage, suitable caprock and reservoir assemblages for 

permanent subsurface storage of CO2 are available in the Midland Valley. However, CO2 

storage of any BECCS project in Scotland, and indeed in much of Europe, will likely take 

place offshore in the North Sea, which offers great storage capacity and well-proven 

injection and containment properties (Bentham et al., 2014). There are also abundant 

hydrocarbon fields with existing redundant infrastructure (e.g. wells, platforms or pipelines) 

that can be re-used for CO2 storage purposes, greatly reducing the implementation costs 

(e.g. Alcalde et al., 2019). Much work has been done on assessing the potential CO2 storage 

capacity of the UK North Sea sector (e.g. Heinemann et al., 2012; Bentham et al., 2014; 

Akhurst et al., 2015). Additionally, a number of engineering studies have explored the 

potential for CO2 storage offshore in Scottish waters including the Goldeneye project 

(Tucker & Tinios, 2017) and the Acorn project (Alcalde et al., 2019), and the CASSEM project 
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in the Firth of Forth, as an example for onshore waters (Smith et al., 2011 and references 

therein). Although public acceptance for offshore CO2 storage is not guaranteed, it removes 

some public perception concerns such as immediate risk exposure and property pricing 

(Roberts et al., 2017; Gough et al., 2018). 

Closing Remarks 

We have presented a preliminary assessment of potential low-carbon GeoEnergy resources 

available within the Midland Valley of Scotland, which is summarised in Table 3. Resource 

development in the Midland Valley is already adapting to fit the low-carbon energy 

landscape; the coal-mining and oil shale industries that were of immense historical 

importance in this region are now demised and in recent years there has been a number of 

advances in low-carbon GeoEnergy resource assessment and/or developments, such as 

minewater geothermal district heating. Our scoping work suggests that the diverse array of 

low-carbon GeoEnergy resources within the Midland Valley will be valuable for assisting the 

delivery and maintenance of a zero-carbon future in Scotland. 

In particular, geothermal energy and energy storage are likely to be vitally important for the 

success of Scotland’s energy transition, including the replacement of carbon-based energy 

with renewables. Geothermal energy is a promising option for the Midland Valley but needs 

de-risking through research to constrain the resource potential for deep and ultra-deep 

geothermal exploration. The existing minewater geothermal schemes in Scotland show that 

decentralised small-scale low-carbon energy generation is a promising and applicable option 

for the Midland Valley.  

There are numerous abandoned mine shafts and onshore wells in the Midland Valley. The 

presence of these legacy infrastructures could significantly reduce the investment costs to 

deliver heat and gravity storage. Energy storage in porous media using hydrogen or 

compressed air could be geologically feasible because the regional geology of the Midland 

Valley provides potential reservoir and caprock assemblages. Small research projects in 

suitable potential storage sites of Carboniferous age could be investigated to test the 

feasibility of the technologies in the Midland Valley. Bigger projects could be implemented 

in Devonian sandstones, such as the Knox Pulpit Formation, once confidence in the 

technology has increased (Heinemann et al., 2018). Hydrogen storage is a particularly 

attractive GeoEnergy resource because it offers potential to reduce emissions across three 

energy sectors: replacing fossil fuels in vehicles, replacing natural gas for industry and 

domestic heating, and provide seasonal storage to replace existing fossil fuel-based energy 

storage. In terms of NETs, the combination of BECCS + EW + SCS could abate up to 75% of 

yearly CO2 emissions in Scotland, and so offers a huge asset to the decarbonisation of the 

energy system. Although the geological storage of CO2 is unlikely to be undertaken in the 

reservoir-caprock systems present within the Midland Valley, the existing clusters of 

industry infrastructure (e.g. Grangemouth) and their proximity to the offshore reservoirs in 
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the North Sea makes the Midland Valley region an excellent candidate for the development 

of CCS projects. 

As such, we find that there is a promising future for GeoEnergy resources in the Midland 

Valley of Scotland. However, while a diverse array of GeoEnergy resources are available, the 

scope and scale of their development depends on a range of technical, economic and social 

factors, including local and national political decisions and public acceptability of different 

GeoEnergy resources.  
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Tables, figure captions and figures 

Tables 

 

Table 1: Summary of different GeoEnergy resources. In this work, we only consider resources that fit with Scotland’s 
ambitions for a low-carbon country.  

 

Type Technology Description
Discussed in 

this study

Deep geothermal energy Extraction of heat from aquifers deeper than 500 m below surface. Yes

Enhanced geothermal 

systems

Extraction of high grade (high enthalpy) heat (>100 °C) from deep 

formations that require stimulation to create permeability.
Yes

Mine water geothermal Extraction of heat from groundwater-filled abandoned mines. Yes

Coal Conventional coal extraction by open cast or underground mining. No

Oil & Gas
Oil and natural gas extraction from conventional reservoir-seal 

systems.
No

Oil shale Oil released by heating shale containing high organic content. No

Enhanced Oil Recovery 

(EOR)
Extraction of additional oil by secondary and tertiary methods. No

Coal bed methane
Methane absorbed onto coal seams, released by dewatering the coal 

seams. 
No

Coal mine methane Extraction of methane that naturally accumulates in coal mines. No

Tight gas
Natural gas produced from low-permeability reservoirs which need 

stimulating to enhance permeability to enable extraction. 
No

Shale gas
Natural gas trapped in low permeability shales which need hydaulic 

fracturing to enable extraction
No

Underground Coal 

Gasification (UCG)

Process by which coal in un-mined seams is converted via oxidation 

into gas and extracted.
No

Thermal storage Seasonal heat storage Storage of excess or waste heat. Yes

Natural gas storage Storage of natural gas in geological formations. Yes

Compressed Air Energy 

Storage (CAES)

Excess energy is used to compress air in geological formations, 

which can be decompressed to release energy.
Yes

Hydrogen storage Storage of hydrogen as substitute of natural gas. Yes

Gravimetry
Storage of energy by raising a weight, release energy by lowering 

the weight.
Yes

Carbon, Capture, and 

Storage (CCS)
Capture and permanent storage of CO2 Yes

Bio Energy with CCS 

(BECCS)

Capture and permanent storage of CO2 from the combustion of 

biomass specifically grown for this process.
Yes

Radioactive waste 

disposal

Permanent storage of high level radioactive waste in geological 

formations.
Yes
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Table 2: Overview and state of all active geothermal projects in the Midland Valley from the last five years. DOR – Dormant, 
FEA – Feasibility study, OPE – Operational, DEV – Development phase. (Banks et al., 2009; Robinson et al., 2016; Brownsort 
& Johnson, 2017; Monahgan, 2017) 

 

  

Type Project Location
Target 

depth
Purpose Capacity Status

HALO Kilmarnock 2 km

Heat recovery via 

hybrid closed loop 

borehole

400 kW DOR

Collegelands
Glasgow City 

Centre
6 km

Power production 

and heat recovery
10+ MW FEA

Guardbridge 

Geothermal

Near St 

Andrews
1.1 km

Heat recovery via 

single well

139-418 

kW
FEA

Shettleston 

Minewater

Shettleston 

(Glasgow)
0.2 km

Minewater heat 

recovery

16 

dwellings
OPE

Lumphinnanas

Near 

Cowdenbeath 

(Fife)

0.2 km
Minewater heat 

recovery

18 

dwellings
OPE

UKGEOS

Dalmarnock/ 

Rutherglen 

(Glasgow)

0.2 km
Minewater energy 

research
n/a DEV

Fortissat 

Community 

Minewater

Fortissat 

(North 

Lanarkshire)

~0.3 km
Minewater heat 

recovery

0.7 - 2 MW 

(300 - 600 

dwellings)

FEA
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Table 3: Low-carbon GeoEnergy sources and applications proposed in this study, their readiness for implementation and 
their current status in the Midland Valley. 

 

 

International Midland Valley 

Deep geothermal 

heat
System in operation Feasibility stage

Mine water 

geothermal

Technology 

demonstration
Demonstration stage

Thermal 

storage
System in operation Feasibility stage

Natural gas storage System in operation No current interest

Compressed air 

energy storage

Prototype in 

operation
No current interest

Hydrogen storage
Research to prove 

feasibility
Research stage

Gravity storage
Technology 

demonstration

Prototype 

development

Carbon Capture 

and Storage (CCS)
System in operation No current interest

Bio Energy with 

CCS (BECCS)

Research to prove 

feasibility
Research stageSt
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Geothermal 
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Gas storage

Geological CO2 

disposal

Type Technology
Development status

En
er

gy
 

p
ro

d
u

ct
io

n
En

er
gy

 s
to

ra
ge

ACCEPTED M
ANUSCRIPT

 at University of Glasgow on September 13, 2019http://sjg.lyellcollection.org/Downloaded from 

http://sjg.lyellcollection.org/


Figure Captions 

Figure 1: Final energy consumption in Scotland in 2015, split into broad end use sectors, 

including heat, transport, and electricity. From Scottish Government (2018). 

 

Figure 2: Geological map of the Midland Valley. Other major and minor faults together with 

major anticlines and synclines are indicated (including: CF, Campsie Fault; NTF, North Tay 

Fault; STF, South Tay Fault; LF, Lammermuir Fault; CS, Clackmannan Syncline; LS, Lochore 

Syncline; BA, Burntisland Anticline; MLS, Midlothian-Leven Syncline; DA, D'Arcy-Cousland 

Anticline). The locations of the West Calder and the D’Arcy well, the first two oil exploration 

wells in Scotland, are highlighted. Compiled from BGS data and inspired by Monaghan 

(2014) and Underhill et al. (2008). The map contains ©British Geological Survey Bedrock 

Geology 625,000 scale data. 

 

Figure 3: Schematic figure introducing the hydrogen storage cycle in the Midland Valley. For 

“blue” hydrogen, natural gas would be transported from North Sea hydrocarbon fields to 

the mainland and separated into hydrogen and CO2 by steam methane reforming (SMR). 

The CO2 would be captured and transported to depleted offshore fields for permanent 

storage. Alternatively, the sustainable “green” hydrogen, produced by electrolyses with 

renewable electricity will be produced using excess energy. The hydrogen would then be 

stored in subsurface reservoirs and reproduced when energy demand is high, and to be 

transported via pipelines to consumers. 

 

Figure 4: Agricultural land suitability map of the Midland Valley. Modified from Andersen et 

al. (2005). 

 

Figure 5: Negative emission potentials and energy and economic cost of abatement for the 

four NETs modelled in the Midland Valley. 
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Figures 
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Figure 4 
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