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Abstract


This paper explores how the deployment of “High-Performance Heat-Powered Heat Pumps” (HP3s)—a novel heating technology—could help meet the domestic heating demand in the UK and reduce how much grid-scale energy storage is needed in comparison to a scenario where electrical heat pumps fully supply the heating demand. HP3 systems can produce electricity, which can partially alleviate the stress caused by electrical heat pumps. A parametric analysis focusing on two variables, the penetration of HP3 systems (H) and the amount of electricity exported (Ɛ), is presented. For every combination of H and Ɛ, the electricity system is optimized to minimize the cost of electricity. Three parameters define the electricity system: the generation mix, the energy storage mix and the amount of over-generation. The cost of electricity is at its highest when electrical heat pumps supply all demand. This reduces as the penetration of HP3 systems increases due to a reduction in the need for energy storage. When HP3 systems supply 100% of the heating demand, the total cost of electricity and the storage capacity needed are 6% and 50% lower, respectively, compared to a scenario where electrical heat pumps are in 100% of residences.
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1. Background


Currently, approximately 23 million UK homes are supplied by the gas network and use natural gas boilers during winter to keep warm [1,2]. About 17% of the carbon dioxide emissions of the country are attributed to space heating [3,4,5]. In order to achieve Net Zero, we must transform the way we keep our living spaces warm.



The electrification of heat via heat pumps is deemed as one of the main routes to decarbonize space heating [6,7]. The efficiency of heat pumps is significantly higher than that of natural gas boilers (or H2) as they can deliver around three times as much energy as they consume.



Presently, less than one percent of the country’s house stock has a heat pump installed [8,9]. However, the government plans to boost adoption as a key component of its strategy to phase out gas boilers over the next decade [10,11]. The transition to electric heating will increase peak load on electricity, creating substantial new challenges.



Space heating demand has two well-defined peaks: one during the morning, as people wake up and get ready, and another one in the evening, when people return from work [12]. Electricity demand follows a similar pattern. The mean gas consumption per day during the colder months of the year is more than four times greater than the electricity consumption. Furthermore, the peak in gas usage during the early hours of the day exceeds the electricity demand peak by a factor of ~10 [13].



Flexible heating (i.e., demand-side management) as well as thermal storage and lagging can decrease heat demand peaks [12,14]. Nonetheless, electrifying heat will place a considerable additional load (and stress) on the electricity grid. Without significant upgrades and reinforcements, the existing electricity system cannot provide enough power to support electrifying domestic space heating.



The UK’s National Infrastructure Commission estimates that approx. GBP 50 bn of investment could be required to ensure the distribution network can support the Net Zero transition, including the electrification of heat [15]. The national grid has already unveiled a GBP 35bn upgrade plan for the next 5 years to reduce constraining renewables and increase grid resilience for the future [16,17]. The total investment required could be much higher than this.



Energy storage is considered key to increasing the penetration of renewables [18,19,20,21]. Even if space heating is not electrified, the UK will need a significant energy storage capacity to decarbonize its electricity grid [22,23]. However, the electrification of space heating will increase demand peaks and create steeper ramps, making energy storage much more important.



Several researchers have reported that the peak hourly electricity demand in the country could increase by 50 to 70 GW (80 to 110% of current levels) due to the electrification of space heating [24,25,26]. Additionally, the ramps seen could be up to three times as steep as what is currently experienced [26,27].



In a previous study, Cardenas et al. [28] considered a fully renewable electricity system for the UK and estimated that a storage capacity as high as 175 TWh could be needed if electrical heat pumps entirely supply the country’s demand for domestic heat. This is significantly larger than the ~80 TWh needed in a scenario where the electricity grid does not handle the demand for heat [29]. The vast majority will be provided by underground hydrogen caverns [30,31,32]. These figures align with the outlook published by the Royal Society [33,34].



The storage capacity cost of underground hydrogen caverns is cheaper than that of CAES by a factor of ~6 and cheaper than that of Li-ion batteries by a factor of ~200. At present, underground hydrogen storage is the only affordable technology to supply the very large storage capacity that will be necessary in a future entirely renewable system.



Besides the significant investment involved, timescales are another important challenge. Developing underground hydrogen caverns is time-consuming; an asset can take more than a decade to be fully operational [35,36]. Excluding fossil fuel reserves, the country’s energy storage capacity is almost null, and as mentioned, several tens of TWhs will be required. The country must grow its energy storage infrastructure rapidly to meet its ambitious 2035 and 2050 Net Zero targets.



In this work, we explore how the deployment of a nascent space heating technology, called “High-Performance Heat-Powered Heat Pumps” or HP3s for short [37], can contribute to the decarbonization of heat in the country. HP3 systems use hydrogen as a clean fuel and do not draw electricity from the grid. Therefore, as HP3 systems meet a greater portion of the heat demand, the peak load experienced by the electricity grid will reduce with respect to a scenario where 100% of UK homes have a conventional electrical heat pump.



This paper assesses the extent to which the above can help to lower how much grid-scale energy storage is needed and, in turn, reduce electricity costs. By reducing the magnitude of the energy storage challenge ahead of us, our chances of achieving Net Zero in time improve.



Novelty and Objectives


Previous work by the authors investigated the potential increase in the amount of grid-scale energy storage needed as the UK shifts towards a zero-carbon electricity system [29,38]. The authors also studied the effect of electrifying space heating and the relationship between the market share of electrical heat pumps and how much energy storage is needed [28]. The results of those studies show that a storage capacity of many tens of TWhs will be required. Although the resulting rise in total electricity costs is manageable, building the enormous storage capacity needed on the timescales available will prove challenging.



This study considers a scenario where electricity is 100% renewable and domestic heat demand has been fully decarbonized. This paper explores the potential system-level effect of supplying a fraction of the space heating demand in the country with a novel, zero-carbon heating technology powered by hydrogen (or another clean fuel) that can also produce a small amount of electricity. Handling a fraction of the domestic heat demand with a non-electrical heating solution will not only reduce the average electricity demand but also the peak load seen by the grid. Potentially, this can significantly reduce the storage capacity required.



This paper has two overarching objectives: (1) to offer a perspective on the system-level challenges created by the shift toward electric household heating and (2) to show how deploying new technologies can help to reduce the challenges ahead, which will accelerate our transition to clean, sustainable heating and improve our chances of achieving Net Zero on time.



Several scenarios based on different ‘market shares’ of electrical heat pumps and HP3 systems are evaluated. For each scenario, different combinations of renewables, different over-generation percentages and different energy storage provisions are explored to minimize the total cost of electricity. This study uses twelve years of UK data on renewable power generation and electricity consumption, together with modeling tools developed for previous work.



The methodology presented here can be used to study other territories. In some European countries, residential buildings will not have access to hydrogen in the future. In such cases, the methods presented here allow for (i) quantifying the amount of grid-scale energy storage needed in relation to the adoption of electrical heat pumps and (ii) assessing the potential system-level benefit of meeting the demand for space heating via district heating networks powered by HP3 systems or other non-electrical technologies.





2. High-Performance Heat-Powered Heat Pumps (HP3s)


This section introduces a new technology for zero-carbon heating called “High-Performance, Heat-Powered Heat-Pumps”. From now on, we will use the acronym HP3 to refer to these systems. This technology is at an early R&D stage (TRL level 2–3) and is not commercially available yet. This paper aims to assess the effect that the deployment of HP3 systems could have on the UK electricity grid.



A fleet of HP3 systems installed across a fraction of UK homes will help to flatten the country’s electricity demand in two ways: (1) by reducing the number of electrical heat pumps installed and (2) by exporting some electricity to the grid during peak times. The total amount of grid-scale energy storage capacity needed can be reduced by flattening the profile of electricity usage. In turn, this can lead to cheaper electricity.



A heat-powered heat pump combines the best attributes of direct heating from hydrogen combustion and electrically driven heat-pumping. These thermo-mechanical systems blend a heat engine and a heat pump, providing a vast amount of low-grade heat for space heating and consuming only a small quantity of high-grade heat from the combustion of hydrogen or another clean fuel. These systems benefit from the same ‘heat multiplication effect’ of heat pumps. Therefore, for a given heat output, HP3 systems consume less hydrogen compared to simpler hydrogen boilers.



The widespread utilization of HP3 systems will enable the gas network to continue to supply the enormous energy demand during winter by delivering hydrogen to homes across the country. It will also exploit the possibility of using underground caverns to store large amounts of hydrogen as a seasonal energy reserve. If most properties installed and used electrical heat pumps, an overwhelmingly large additional load would be placed on the electricity network. The use of HP3 systems avoids straining the grid.



Figure 1 shows how an HP3 achieves its heat multiplication effect. When a heat engine section takes in 1 unit of high-grade heat, it produces   X   units of mechanical work and delivers   ( 1 − X )   units of low-grade heat into a house. The   X   units of work drive the heat-pump, which draws in   ( n − 1 ) X   units of heat from the ambient and delivers a total of   n X   units of low-grade heat into the house. Here,   X   is a design variable and   n   represents the heat pumps’ performance coefficient (CoP). Typical CoP values are between 1 and 4. The difference with a ‘normal’ heat pump is that the input energy is heat and not electricity.



There are many possible ways to implement an HP3 system. Figure 2 shows one possible arrangement. Here, both subsystems share a common working fluid and a common heat output device. In the heat engine section, the working fluid at high pressure flows into a heat collector, where it receives high-grade heat from the combustion of hydrogen and boils. The gas then produces mechanical work in an expander. Subsequently, the gas enters the heat output device where it condenses, giving away most of its heat content to provide space heating.



The expander’s work output drives the heat pump’s compressor. The way this part of the system operates is the same as a conventional heat pump; the difference is that the compressor is driven mechanically.



It can be seen in Figure 2 that the compressor and the expander are mechanically coupled via a shaft to the main electrical motor of the system. This motor allows the expander’s work output to be different from the power that the compressor consumes. Therefore, the design of an HP3 system is a continuum between a pure heat pump and a pure heat engine.



There is a strong motivation for designing the system to be ‘more heat engine’. This enables the generation of electricity at the expense of a smaller low-grade heat output. During cold spells in the UK, houses where an HP3 is installed will naturally use it to the fullest. The net effect would be that those houses would (i) not draw grid electricity for the purpose of space heating and (ii) produce some extra electricity that can either be self-consumed or exported to the grid. This reduces the stress on the electricity grid caused by other homes using electrically driven heat pumps.



An HP3 system could be regarded as a type of combined heat and power (CHP) system if it were designed to be ‘more heat engine’, as suggested above. The main difference between the proposed systems and existing micro-CHP plants is the heat pump cycle, which enhances the low-grade thermal output of the system.



In the heat engine section, the work fluid can reach temperatures of approximately 650 °C after collecting high-grade heat from the combustion of hydrogen (or another clean fuel). Although this may seem high for a domestic system, current natural gas boilers see temperatures in excess of 1000 °C inside the combustion chamber [39,40]. The difference is that in a gas boiler, hot water is produced directly, and its temperature is not allowed to exceed ~70 °C. In an HP3 system, the working fluid is allowed to reach much higher temperatures, but the hot water output will still be under the safe limit. Therefore, implementing an HP3 system in a domestic setting is feasible. It should be noted that HP3 systems could also be implemented at a larger scale (e.g., district heat networks [41,42]) where a central multi-MW system can combust hydrogen, produce hot water and deliver it to several dwellings.



This paper is not concerned with the technical aspects of the design of HP3 systems. As mentioned, the objective is to assess the grid-level effect of their widespread utilization in the country. A separate study showed that HP3 systems can achieve CoPs > 2.5 at ambient temperatures of −10 °C using propane (R290) as the working fluid and hydrogen as a fuel [37]. In the case of an HP3 system, the CoP (when there is no electricity output) is simply calculated as the ratio between the thermal output and the thermal input. Because these systems do not draw electricity from the grid, the CoP is not relevant to the analyses carried out in this paper and does not influence the results. Naturally, a lower CoP would have other implications at a national level, such as a greater demand for hydrogen during the colder months.



It has also been found that an electricity output of more than 50% of the system’s heat output is not sensible from a performance standpoint. In this paper, we use this value as the upper limit for the amount of electricity that an HP3 system can generate. For comparison, some micro-CHP systems can provide an electricity output equivalent to between 18 and 40% of their thermal output. This electricity output is produced in parallel to the heat output, which is the primary service [43].




3. Modeling the Electricity Grid


3.1. Data on Electricity Consumption and Generation


Figure 3 shows a 12-year time series of UK electricity demand sourced from the ‘Balancing Mechanism Reporting Service’ [44]. The resolution of the data is 1 h. The time series is normalized and adjusted so that the mean yearly demand matches current consumption (~335 TWh) [45]. The grid sees a mean load of approximately 35 GW, peaking at around 60 GW. The 12 years of demand data cover some extreme weather conditions in the UK, such as the ‘Beast from the East’ event in 2018. However, in this paper, we avoid making predictions of future changes in demand due to varying weather conditions.



Figure 4A shows a 12-year time series of wind power in the UK [44,46]. The profile is normalized to account for an expansion in the installed capacity. Wind has large daily, seasonal and inter-annual variations [44,47,48]. Figure 4B shows a time series of solar photovoltaic power generation in the UK [49]. Solar PV shows a more marked seasonal variation compared to wind.



Using a time series as long as possible is key. Analyses based on a short time span tend to underestimate how much energy storage capacity is needed because they do not fully account for the year-to-year variability in renewables [38,50].




3.2. Domestic Demand for Space Heating


Data relating to the residential gas consumption in the UK was obtained from a 2021 study carried out by the University College London [51]. On average, a dwelling will consume 12.4 MWh of gas per year [52]. The hourly gas demand of a property changes with respect to the month of the year, as Figure 5 shows. There are two main peaks, one around 8:00 and another around 18:00. The heating season (Oct-Apr) sees more pronounced peaks. Figure 5 also shows that overnight demand is low throughout the year.



The profile of residential gas demand can easily be converted to a profile of heat demand by applying a gas boiler’s thermal efficiency (~90%). Subsequently, the heat demand time series can be transformed into a ‘space heating electricity demand’ profile by factoring in a heat pump performance coefficient. Here, we calculate the CoP by means of M. Chesser’s empirical equation [53], using hourly data on the UK mean ambient temperature [49]


  C o P = 5.17 + 0.09     T   a m b   − 0.06     T   f l o w    



(1)







Air-source heat pumps with a 45 °C output [48] can attain seasonal CoPs of approximately 2.9. Ground-source heat pumps (GSHPs) achieve seasonal CoPs up to 4.5 [54]. However, GSHPs are not considered as a viable option for existing properties in the UK because their high installation costs overshadow the increased efficiencies. Considering that nearly 80% of the 2050 UK house stock already exists [55,56], we only focus on air-source heat pumps.



Figure 6 shows the heat demand profile of the average home in the UK and the electricity consumed by an air-source heat pump to supply that amount of heat. As mentioned, this profile of heat demand is created by multiplying gas usage data of the average UK home [51] by a boiler’s thermal efficiency (~90%). The curve of a heat pump’s electricity usage is simply created by dividing the heat demand profile by the heat pump’s performance coefficient [53]. For visual clarity, the curves only show the highest value for each day; however, there are hourly and sub-hourly variations, and demand is close to zero during the night.



To correctly account for the year-to-year variability in renewable generation (particularly wind), this study uses 12 years of generation data. A profile of ‘space heating electricity demand’ of the same length is required. In this case, it is assumed that the yearly profile shown in Figure 6 (green dashed line) repeats over the twelve years.



Figure 7 shows the overall electricity demand profile that would be seen in the country if domestic space heating were fully supplied by electrical heat pumps. In this scenario, the mean yearly demand reaches a total of 423 TWh, which is a 26% increase over the current value. Other researchers have reported similar estimates [24,25,26].



We can also see in Figure 5 that demand would peak at around 108 GW, which is ~45 GW (~70%) higher than the current maximum load. Studies carried out by other researchers have found similar conclusions. S.D Watson et al. estimated that the maximum load seen by the electricity system could be 113 to 132 GW [26]. M. Zhang et al. mentioned that the maximum load could be 39–50 GW higher due to the electrification of space heating [25]. C. Whalen estimated that the additional load could be in the range of 65–70 GW [24].



Figure 7 also shows that the electrification of heat demand creates considerably quicker ramping. Power ramps of up to 10.7 GW/h can be seen in the profile of ‘normal’ electricity usage (Figure 3). These ramp increases can be up to 31 GW/h when heat pumps supply the demand for space heating.




3.3. Methodology


This study analyzes the potential effect, at a system level, of deploying heat-powered heat pumps (HP3 systems) in the country. We carry out a combinatorial exploration based on two variables: the share of households using HP3 systems (H) and the electricity export fraction of those systems (Ɛ). Ɛ is a fraction of the heat output of an HP3 system and varies between 0 and 0.5



For each combination of H and Ɛ, we need to find the optimum configuration for the electricity system. This allows calculating the energy storage capacity needed and the electricity cost and then assessing whether a greater proportion of HP3 systems or a greater electricity export reaction can offer a benefit at a system level.



The electricity system is characterized by three main parameters, namely, the generation mix (R), the quantity of allowable over-generation (Ω) and the combination of different energy stores (X).



	
The generation mix (R) represents the wind power’s share of the total energy generated. This ratio has a range between 0 and 1. Solar PV’s share is simply 1 − R.



	
Renewable over-generation (Ω) is a percentage of all electricity consumed. This over-generated energy is curtailed to reduce the amount of energy storage needed. Besides the economic benefit of reducing the need for storage, having some over-generation is desirable from a redundancy and reliability standpoint. This over-generation is separate from another amount of ‘extra’ energy that renewables produce to offset storage losses.



	
The mix between energy stores (X) is a ratio between 0 and 1. Let us consider that E is the sum of all the energy that must be stored throughout the period analyzed. X represents the fraction of E that will pass through the medium-duration energy store (CAES). The fraction of E that is stored in the long-duration store (H2 caverns) is simply 1 − X.






For each different combination of H and Ɛ, the optimal values of R, X and Ω are determined.



The medium-duration energy storage role is represented by CAES in this paper. However, other thermo-mechanical technologies, such as pumped heat storage [57,58], liquid air storage [59,60] and redox flow batteries [61,62,63], are also well suited for this role. Other studies have also used CAES to represent the medium-duration energy storage role [28,29,33,64]. Schmidt et al. [65] showed that pumped hydro and CAES are the most cost-effective technologies in the medium-duration range (4–200 h of discharge) between 2020 and 2040.



Long-duration energy storage is represented in this study by underground hydrogen caverns. Given the quantities of energy involved, this role is only possible through the storage of synthesized fuels, and hydrogen is the most feasible option. In future renewable-based energy systems, medium- and long-duration energy stores will provide the vast majority of the storage capacity needed [66].



The two different storage technologies considered (CAES and H2) offer different advantages. Therefore, mixing them can minimize the overall electricity cost. Storing hydrogen in underground caverns is very cheap per unit capacity. However, its power cost is high because the electrolyzers used remain expensive to this day. Therefore, hydrogen caverns are ideal for the role of long-duration storage, in which an immense amount of energy is stored, but the store is filled and emptied at a slow rate.



CAES is more expensive in terms of storage capacity, but it offers lower power costs and higher roundtrip efficiencies. Therefore, CAES systems are highly suitable for the role of medium-duration storage, in which the amount of energy to be stored is moderate but the stores are charged and discharged more often and at a faster rate.



Pumped hydro is also very well suited for medium-duration storage. It is significantly more efficient and considerably cheaper per unit capacity than CAES. However, it is constrained to very specific geographical locations, much more than CAES and underground H2 [67]. Therefore, its scope to contribute in a significant way to the future UK total storage capacity is limited.



The calculations carried out do not include Li-ion batteries (i.e., short-duration storage) because analyzing their role entails using data with a resolution of <5 min. The full factorial experiment proposed comprises five variables (H, Ɛ, R, X and Ω), which translates into a large number of combinations to be evaluated. Exploring this space using fine-resolution data is extremely computationally expensive and simply not possible. Nevertheless, batteries will be instrumental in future zero-carbon electricity networks. They offer very high roundtrip efficiencies and fast response times, which are needed to handle short-duration imbalances.



Previous work by the authors indicated that Li-ion batteries will contribute between 0.2 and 0.5 TWh of capacity to the electricity system. By comparison, the combined contribution of medium- and long-duration stores is several tens of TWh [29]. Not including batteries in the analyses does not significantly affect the trends presented further in Section 4.1 and Section 4.2. The main research objective can still be explored, which is whether the deployment of heat-powered heat pumps could reduce the amount of grid-scale energy storage needed. However, once batteries are included in the mix, the total costs per MWh of electricity could increase by ~6 GBP/MWh due to the capacity costs of batteries being much higher than those of underground hydrogen caverns or CAES systems [68,69,70].



3.3.1. Creating Different Profiles of Demand


Every ‘case’ or combination of H and Ɛ will have a different profile of overall electricity demand. This subsection explains how this profile is created.



This study considers a scenario in which domestic space heating has been completely decarbonized. There are no more natural gas boilers, and the ~23 × 106 residential properties in the country have installed a zero-carbon heating alternative, such as an electrically driven air-source heat pump or an HP3 system that uses hydrogen as fuel.



The variable H indicates what fraction of the 23 million households use HP3 systems. The fraction of homes using more conventional air-source heat pumps is given by 1 − H. When H equals 0, it means that 100% of homes are using electrical heat pumps, and HP3 systems have not been installed in any property. Conversely, when H equals 1, it means that HP3 systems have been adopted in 100% of households, and electrical heat pumps are not used anywhere in the country.



Figure 6 shows the electricity usage of an air-source heat pump installed in an average UK residence. This profile is created by combining heat demand data [51] with empirical CoP data for a heat pump operating in the UK [53]. A time series of ‘national electricity usage for space heating’ is created by multiplying the time series shown in Figure 6 by the fraction of the 23 million households using electrical heat pumps (1 − H) [1,71].



As mentioned, an HP3 system can produce some electricity while operating. This electricity can be exported to the grid or used for self-consumption. The amount of electricity that a system produces is given as a fraction of the thermal output of the unit. An HP3 system has the same thermal output as a heat pump; this is given by the household’s heat demand. The electricity export profile of a property using an HP3 system is simply the profile of heat demand (shown in Figure 6) multiplied by the export fraction (Ɛ). A separate study revealed that export fractions higher than 0.5 significantly reduce the coefficient of performance of an HP3 system. Therefore, in this paper, we fixed the upper limit for Ɛ at 0.5.



The country-wide profile of electricity export from HP3 systems is created by simply multiplying the export profile of one household by the fraction of the 23 million properties using HP3 systems, given by H.



The overall profile of electricity consumption in the country results from adding together the profile of ‘normal’ electricity usage (see Figure 3) and the profile of additional demand created by heat pumps and subtracting the electricity exports from HP3 systems.



Figure 8 illustrates how different combinations of H and Ɛ modify the overall profile of electricity demand. In Figure 8A, we can see the case where HP3 systems are being used in 100% of homes, but these systems do not export any electricity (Ɛ = 0). In this case, the profile of electricity demand is unmodified and is equivalent to the current situation in which natural gas boilers supply heat demand.



Figure 8B shows the case where there are no HP3 systems installed and electrically driven heat pumps are used in 100% of homes. In this case, the annual electricity demand increases by ~26% compared to normal demand (of uses other than space heating), but the peaks can be up to 70% higher.



Lastly, Figure 8C shows a scenario where 100% of homes use HP3 systems and these units export 50% of their heat output in the form of electricity (Ɛ = 0.5). We can see that demand becomes negative in this case. This is because demand is ‘low’ because there are no heat pumps, and the fleet of HP3 systems exports a considerable amount of electricity to the grid at times when it is not needed.




3.3.2. Determining Optimum System Parameters for a Specific Scenario


As mentioned, for each combination of H and Ɛ, we must determine the optimum system configuration. This allows for determining the storage capacity needed and the total cost of electricity (GBP/MWh) for every scenario. In turn, this allows for understanding how different HP3 penetration levels and export fractions can help to reduce the TCoE compared to a scenario in which electrical heat pumps wholly meet the demand for space heating.



The algorithm and tools used to model the different scenarios are taken from the authors’ previous work [28,29,38]. In this section, we describe the process followed; however, the publications mentioned provide a more detailed explanation of how the different calculation and optimization tools work.



Figure 9 shows the algorithm used to find the optimum values of the system parameters (R, Ω and X) for a specific scenario given by H and Ɛ.



The electricity is treated as a single node. An energy balance is carried out to determine the storage capacity that a fully renewable system needs.



The normalized profiles of the renewable resources (see Figure 4) are scaled up to the correct level. This is a function of demand and over-generation, but also of the mix of energy stores. Renewables produce enough electricity to cover demand and some excess quantity specified by Ω. Renewables generate an additional amount to offset storage losses. This extra generation for ‘loss compensation’ changes the shape of net demand (demand take away generation), which, in turn, modifies how much energy passes through storage and how much energy is lost. Therefore, determining the correct amount of renewable generation is an iterative calculation.



Equation (2) allows for the calculation of how much renewable generation is required (    E   n e e d    ). Here,     E   o v e r a l l     is electricity demand throughout the 12 years studied, considering the additional demand due to heat pumps and HP3 exports. Energy losses due to storage are denoted by L. These take an initial value of 0.


    E   n e e d   =   E   o v e r a l l   + L +     Ω ∗ E   o v e r a l l      



(2)







The time series of wind and solar photovoltaic power are scaled so that their combined output meets     E   n e e d    . The contribution of wind is given by R, while the solar PV’s share is given by   ( 1 − R )  .



The net demand time series (    D   N e t    ) is formed by subtracting renewable generation from electricity demand. The negative portion of the series comprises all the ‘excess’ energy that will either be stored or curtailed (    E   n e g    ). The positive part of the series consists of the energy that is discharged to meet demand (    E   p o s    ).



The loop-based calculation for the amount of generation ends, as shown in Equation (3), when the energy put into storage times the net storage efficiency is equal to the energy returned.


           E   n e g     −     E   o v e r a l l   ∗ Ω     ∗   η   c o m b i n e d       E   p o s      = 1  



(3)







At this point,     D   N e t     still contains the over-generated energy, which needs to be curtailed. This involves using a modeling tool (implemented in MATLAB R.2021) that simulates the operation of a single, central energy store as it moves through the time series of net demand. The capacity of this store is calculated so that (1) demand is always fully met and (2) the quantity of energy curtailed from     D   N e t     matches Ω. The tool for time-marching through the series has been used in previous work and is described in detail in [29,72].



After curtailment, the net demand time series is separated into two profiles, which are the duty cycles for the long- (H2) and medium-duration (CAES) stores. The energy that will be stored in CAES over the period analyzed (negative part of work profile), corresponds to   (   E   n e g   ∗   X )  . The energy that will be stored in hydrogen caverns corresponds to   (   E   n e g   ∗ ( 1 − X ) )  .



The tools used to create and optimize the medium- and long-duration duty cycles have been used in previous research [28,29]. These references provide a comprehensive explanation of how the tools work.



A time series of net demand and the two work profiles created from it is shown in Figure 10. It should be mentioned that the sum of the two individual work cycles does replicate     D   N e t     exactly. In this example, CAES and underground hydrogen caverns each handle 50% of all the energy that requires storage.



The capacity (  S  ) of each energy store is given by the integral of the duty cycle. The rated charging power (Pc) of a store is the lowest negative value of the work cycle, while the discharge power (Pd) is the maximum of the work profile.



At this point, the ‘total cost of electricity’ (TCoE) of a specific scenario can be calculated. For every scenario defined by H and Ɛ, we need to evaluate several different system configurations (combinations of R, Ω and X). The optimal configuration for a specific scenario is that which minimizes TCoE.




3.3.3. Calculating the Total Cost of Electricity (TCoE)


The TCoE accounts for the expenses associated with producing and storing electricity. It is calculated as shown in Equation (4):


  T C o E =    C w + C s +   C   C A E S   ·     τ   λ     +   C   H 2   ·     τ   λ         E   o v e r a l l       



(4)




where     C   W     and     C   S     are costs of all the energy produced from wind and solar PV, respectively.     E   o v e r a l l     is the sum of all electricity consumed through the full period studied.     C   C A E S     and     C   H 2     are the energy stores’ capital costs. The calculation of the cost of electricity only accounts for a fraction of the stores’ life (λ), which is proportional to the 12-year period (  τ  ). Typically, these types of stores offer a service life of ~3 decades. Operational and maintenance costs (OpEx) are not taken into consideration in this calculation for several reasons: (1) they will be small compared to CapEx, and (2) given that these are new technologies not widely deployed yet, there is little information on maintenance costs, and the available data offers low confidence levels. The authors consider that including said costs would add ‘noise’ to the results. Other studies on the cost of energy storage for the electricity grid also exclude OpEx [28,29,38,64].



The cost of all wind and solar PV electricity can be determined through Equations (5) and (6), where LCoE is the levelized cost of MWh of electricity produced (GBP/MWh) by the specific resource.


    C   W   =   E   n e e d   · R · L C o   E   W    



(5)






    C   S   =   E   n e e d   ·   1 − R   · L C o   E   S    



(6)







The energy stores’ capital costs (    C   C A E S     and     C   H 2    ) consist of an energy cost relating to the provision to store energy (e.g., an underground salt cavern) and a power cost, relating to equipment used to fill and empty the stores. Both costs are independent of each other. A store’s capital cost (CapEx) is determined via Equation (7). Here, the storage capacity cost (per kWh) is denoted by   α  , while the costs of the charging and discharging machinery (per kW) are given by β and γ, respectively,


    C   s t o r e   = α · S + β · a b s     P   c     + γ ·   P   d    



(7)







This paper considers CAES and underground hydrogen caverns as example technologies for the medium- and long-duration storage roles, respectively. These technologies are regarded by both academics and the UK government as some of the most promising alternatives to accomplish the very large amount of storage that the country will need as it moves towards an entirely renewable electricity system [73,74].



A summary of the economic and performance figures used to calculate the TCoE is provided in Table 1. Levelized costs of renewable generation consider current costs in the UK. Power and storage capacity costs for hydrogen and CAES consider forecast costs for 2030–2035. These figures are in general agreement with values used in [33].






4. Findings and Discussion


4.1. Heat Demand Fully Met by Electrical Heat Pumps


Two scenarios are analyzed and compared here: (i) one where 100% of homes use electrical air-source heat pumps and (ii) another where there are no heat pumps and the existing gas network meets the heating demand. HP3 systems are not considered here; therefore, there are no electricity exports. In both scenarios, the electricity system is entirely based on renewables.



This comparison helps to explain the impact of using electricity to heat residential buildings and how the TCoE is affected by the different system parameters (R, X and Ω). This section creates a reference line to assess the potential system-level benefit of supplying a fraction of the domestic space heating demand with HP3 systems, which can also export some electricity to the grid.



Figure 11 shows the electricity costs achieved through various system parameters. The plot presents two sets of curves, one for the scenario with 0% electrical heat pumps (blue) and one for the scenario with a 100% heat pump adoption (green). For each scenario, two wind shares are shown, 85% and 95%. Solar PVF produces the remainder of the energy. The cost of electricity increases as household heating shifts towards electricity, mainly due to a greater need for grid-scale energy storage. A more detailed discussion is provided further on.



We can also see that as the market share of electrical heat pumps expands, the optimum generation mix relies more heavily on wind power. When space heating demand is not met by electricity, a wind and solar mix of 85/15% minimizes the TCoE. As the adoption of electrical heat pumps approaches 100%, electricity demand becomes much peakier in colder months (see Figure 7 and Figure 8B). Wind resembles this behavior, so it is logical for its contribution to the energy mix to increase. However, due to its pronounced inter-annual variability, relying entirely on it would increase the system’s requirement for grid-scale energy storage and the TCoE.



Figure 11 shows that using a mix of energy stores minimizes the TCoE because their specific attributes can be better exploited. The full storage duty can be handled with a single technology. However, H2 caverns have low roundtrip efficiency and high-power costs. Therefore, using this technology to provide all the storage capacity required (X = 0) will result in an elevated TCoE. On the other hand, the cost per kWh of storage capacity of CAES is higher than that of underground H2 caverns. Therefore, meeting the full storage requirement only with CAES (X = 1) also results in more expensive electricity costs.



It is also important to mention that Ω is not constant. All the curves in Figure 11 consider the optimal quantity of over-generation for every set of R and X values. As mentioned, this reduces the disparity between demand and generation profiles, and, in turn, it reduces how much storage is needed. For all given values of R and X, several levels of over-generation were assessed to find that which minimizes the TCoE.



When no electrical heat pumps are installed, the minimum TCoE is 71.49 GBP/MWh. This considers an X = 0.51 and an R = 0.85. Here, the amount of storage capacity needed is at a minimum. Increasing the contribution of solar PV beyond 15% (i.e., R < 85%) increases the TCoE because the seasonal behavior of solar PV does not match the trend of electricity demand. Increasing the contribution of wind beyond 85% also results in higher electricity costs. Wind power’s inter-annual variability calls for a greater energy storage capacity. When heat pumps supply the entire demand for space heating, the optimum R is 0.95 and the optimum value for X is 0.46. The electrification of space heating increases the cost of electricity by ~4.1 GBP/MWh. Although this increase may be affordable, it brings an important challenge in the form of the large storage capacity that is needed.



As previously discussed, the TCoE comprises energy generation, energy storage and power conversion costs. Section 4.1.1, Section 4.1.2 and Section 4.1.3 explain how the various system parameters (R, X and Ω) impact said cost-driving factors.



4.1.1. Additional Components of Generation


When domestic space heating is met by some means other than heat pumps (e.g., the gas network), 4020 TWh of electricity is consumed throughout the 12-year period, equating to a mean demand of 335 TWh per year. When heat pumps supply the entire demand for space heating, the mean annual demand increases by 26%. In both cases, renewables generate a ‘baseload’ equal to the total demand.



However, renewable generation has two additional components: (1) over-generation and (2) storage losses compensation. Both vary with respect to X. Renewable generation will be high enough so that after storage losses, demand can still be fully met. Underground hydrogen caverns have a lower roundtrip efficiency than CAES. Therefore, storage losses increase as the ratio X reduces (see Figure 12).



We can also see in Figure 12 that energy losses increase as more heat pumps are installed. As mentioned, electricity demand becomes increasingly peaky as heat pumps supply a greater share of the space heating demand. This increases not only the amount of storage capacity needed but also how much energy passes through those stores.



Energy losses represent approximately 20% of the total electricity demand when X = 0, while for X = 1, losses are equivalent to about 8% of total demand



Figure 12 only considers the generation mix that minimizes the TCoE for each of the two heat pump penetrations presented. Different shares of wind and solar would increase the mismatch between demand and generation. This would not only call for a greater storage capacity, but more energy would pass through storage, causing greater losses.



The third component of renewable generation is the over-generation (Ω). This additional generation helps to reduce the amount of energy storage needed. There is an optimum value for Ω within the range of X. As X moves away from zero, Ω increases. This is because hydrogen storage is cheaper than CAES; therefore, spending more on generation to reduce storage capacity is beneficial. Moreover, at small values of X, there is substantial ‘extra’ energy in the system to balance the greater losses caused by passing more energy through the less efficient hydrogen caverns. This leaves little scope for any over-generation beyond that.



The optimal percentage of over-generation (i.e., curtailment) goes from 12% to 20% of the total electricity demand depending on the penetration level of heat pumps and the values of R and X. If energy storage capacity were more expensive or generation were cheaper, the system would shift towards greater amounts of over-generation.




4.1.2. Energy Storage Capacity


Figure 13 illustrates the relationship between the amount of energy storage needed, the fraction of heat demand supplied by heat pumps and the mix of stores (X). Figure 13C shows the total energy storage capacity needed, which is equal to the capacities provided by CAES and underground H2 caverns added together. More storage capacity is needed as the market share of heat pumps increases. In turn, this leads to higher electricity costs.



Let us consider a scenario without any heat pumps. When hydrogen caverns handle all the storage duty (X = 0), approximately 114 TWh of storage capacity is needed. When CAES handle all the storage duty (X = 1), approximately 46 TWh of storage capacity is needed. These values agree with published figures [29]; the differences stem from the longer datasets used for the present study. At the optimum X for each heat pump penetration level (shown by a star), the electricity system needs 82 TWh of storage. Underground hydrogen caverns contribute 67.6 TWh. The other 14.4 TWh are supplied by CAES systems.



The reason why the amount of storage capacity needed changes so dramatically with respect to X is the markedly different roundtrip efficiencies of the two technologies. CAES systems attain efficiencies of up to 70% [83,84]. At best, hydrogen storage can offer an electricity-to-electricity efficiency of 45% [76]. This considers the efficiency of electrolysis (~80%) and the efficiency of the turbines used to generate electricity (~55%) [77].



The electricity system requires a much greater storage capacity when heat pumps fully supply the space heating demand in the country. At the point where the TCoE is minimized (R = 0.95, X = 0.46), the electricity system needs 153 TWh. The capacities provided by underground H2 caverns and CAES systems account for 82% and 18% of the total needed, respectively.



The storage capacities presented here should be deemed as estimates of the energy storage capacity that will be needed as the country shifts towards a zero-carbon electricity supply. They depend on whether domestic demand for space heating is supplied by electrical heat pumps or a non-electric alternative such as hydrogen boilers (or HP3 systems).



A simplification made in this paper is that the energy storage capacity is realized as two large stores: one underground cavern for H2 and one CAES system. However, in practice, several small, distributed energy stores will provide the total storage capacity that the grid needs.



In the UK, large-scale deployment of either CAES or underground hydrogen caverns has not yet occurred. Nevertheless, at present, hydrogen remains the only viable option for the very large-scale long-duration storage role, as highlighted by the Royal Society [33,73]. Hydrogen storage is central to the UK’s decarbonization strategy [74,91].



A significant challenge linked to underground hydrogen storage is the lengthy process required to establish a fully operational reservoir. The stages of site assessment, planning, permits, development and commissioning can span up to a decade [92]. Therefore, the UK must begin expanding its H2 storage capacity now to achieve its 2035 decarbonization goals.



One major reason for the limited rollout of underground caverns for storing H2 is the lack of robust business models and regulatory frameworks to minimize financial risks. Developers currently face considerable uncertainty regarding the future need for hydrogen storage, the type and location of infrastructure required and the potential role it will play in ensuring energy security and resilience [92].



The UK government issued an initial report setting out its stance [74]. The business model considers safeguards for developers and operators against risks associated with low sales prices and reduced sales volumes. Since these are viewed as key investment barriers, the government intends to address them by introducing a minimum revenue guarantee. This measure aims to provide developers with the confidence needed to make timely final investment decisions on strategically important storage projects.



Several researchers have warned of a possible market failure that could hinder the UK’s ability to install the required hydrogen storage in the available timeframe. In short, without timely intervention, the UK will fall short of scaling up long-duration storage to match demand. Any delay in establishing this crucial infrastructure could jeopardize the nation’s Net Zero objective [92].




4.1.3. Charging and Discharging Powers


The machinery used for putting/extracting energy from the stores accounts for a significant portion of the capex of the energy stores. Electrolyzers are used to charge hydrogen caverns, while hydrogen-fired turbines are used to discharge the caverns and produce electricity [93,94]. On the other hand, CAES systems are charged and discharged using air compressors and expanders. In the case of CAES, the charging equipment and discharging equipment are very similar to each other; therefore, their costs are also very similar.



Figure 14 shows the effect that changes in the heat pump market share and the mix of energy stores (X) have on CAES charging (    P   c    ) and discharging (    P   D    ) powers. The effect on the rated powers of the hydrogen stores is shown in Figure 15. The negative portion of the work profiles dictates the charging power of a store.



Figure 14 and Figure 15 show that a greater penetration of heat pumps causes an increase in the store’s rated powers, both charging and discharging. In general, the peak load in the grid increases as electrical heat pumps supply a larger portion of the demand for space heating. The profile of net demand will have more pronounced negative peaks because renewables produce more energy, which, in turn, leads to the energy stores having a greater rated charging power.



The discharge powers increase because the peak load in the grid is greater. Figure 16 shows two net demand profiles. It can be seen how the maximum and minimum values of the time series, as well as its ‘peakiness’, increase as heat demand is electrified. This leads to higher rated powers for the energy stores, both in charge and discharge.



As the mix of energy stores (X) moves towards 1, more energy is sent to the CAES store. This increases its charging and discharging powers (see Figure 14). Conversely, the powers of the H2 store (charging/discharging) decrease as the mix of stores (X) tends to 1 (see Figure 15).



The electricity demand profile sets a limit for the discharge power of the stores. When space heating is not supplied electrically, the electricity grid sees a peak load of about 60 GW. In this case, the CAES and H2 stores will also have a peak discharge power of ~60 GW. When heat demand is wholly supplied by electrical heat pumps, the grid sees a peak load of ~108 GW. Both energy stores have a similar maximum discharge power.



Considering the optimum system configuration for the scenario when heat pumps fully supply heat demand (i.e., penetration of 100%), CAES has rated charging and discharging powers of −100.4 GW and 73.7 GW, respectively. On the other hand, the H2 store has a charging power of −28 GW and a discharge power of 23.7 GW.



Table 2 provides a summary of the best configurations found (i.e., lowest TCoE) for the scenarios based on heat pump penetrations of 0% and 100%.



Section 4.1.1, Section 4.1.2 and Section 4.1.3 demonstrated how the need for energy storage, the stores’ (dis)charging powers and the losses owing to passing energy through storage increase as electrical heat pumps provide a greater fraction of the country’s space heating demand, therefore increasing the cost of electricity (see Figure 11).




4.1.4. Composition of the Total Cost of Electricity


Figure 17 separates the total cost of electricity into its different contributors. Figure 17A presents a scenario based on a heat pump penetration of 0%. Figure 17B shows a scenario where 100% of UK homes have installed an electrically driven heat pump. Both figures consider the optimum generation mix for the specific heat pump penetration level.



In both scenarios, renewable generation accounts for the majority of the TCoE. In the scenario with no heat pumps, renewable generation (including base generation, loss compensation and over-generation) accounts for between 72% and 77% of the TCoE, depending on the mix of energy stores (X). By comparison, when heat pumps have a penetration of 100%, generation costs are between 65 and 72% of the TCoE. Energy storage becomes more important for the system as more electricity is used to heat residential buildings.



In both scenarios (heat pump penetrations of 0% and 100%), hydrogen storage capacity represents 0 −10% of the TCoE, depending on the storage mix (X). The contribution of the CAES storage capacity does vary as the heat pump penetration changes. When the heat pump market share is 0%, CAES capacity accounts for between 0 and 21% of the TCoE, depending on the storage mix (X). In the scenario where heat pumps are in 100% of homes, CAES storage capacity contributes between 0 and 28% to the TCOE, depending on X.



Despite the heat pump market share, the energy storage capacity needed when underground hydrogen caverns handle the whole duty (X = 0) exceeds the capacity needed for X = 1 by a factor of >2 (see Figure 13). Notwithstanding, CAES has a higher cost per kWh and constitutes a greater fraction of the TCoE.



Independent of the adoption level of heat pumps, CAES power costs account for between 0 and 7% of the TCoE. Power costs of the hydrogen store contribute 0–18% to the TCoE. The machinery used to fill and empty the underground hydrogen stores costs more per KW than the equipment used to cycle CAES systems. Therefore, it makes up for a greater fraction of the TCoE.



The individual contributions of the different cost-influencing factors to the TCoE are summarized in Table 3. The table considers the optimum or lowest-cost system configuration for each heat pump penetration level.





4.2. Different Penetrations of HP3 Systems


Section 4.1 discussed two scenarios: one where domestic space heating demand is met 100% by electrical heat pumps and another in which there are no heat pumps anywhere in the country. Here, the demand for space heating could either be met by natural gas boilers or by HP3 systems. However, in this case, those HP3 systems do not export any electricity. In both scenarios, all electricity comes from renewable sources. The discussion in Section 4.1 used the two scenarios mentioned to explain (i) the relationships between the different system parameters and (ii) why electricity becomes more expensive as a greater fraction of heat demand is electrified.



In this section, we analyze the potential system effect of supplying a fraction of the space heating demand with HP3 systems. As previously explained in Section 2, HP3 systems are heat-powered heat pumps that burn hydrogen (or another clean fuel) and do not draw electricity from the grid. In addition to that, HP3 systems can generate and export some electricity while they operate. This paper explores a combinatorial space defined by two variables: the fraction of space heating demand that is supplied by HP3 systems (H) and the ‘export fraction’ (Ɛ) of each one of those HP3 systems.



Figure 18 shows how the country’s mean annual electricity demand changes with respect to H and Ɛ. As mentioned, yearly electricity demand reaches 423 TWh when heat pumps fully supply space heating demand.



The mean yearly electricity demand reduces as the fraction of households that use HP3 systems instead of conventional heat pumps increases. We can also see from the figure that, for any given value of H, the overall electricity demand decreases as the export fraction of the HP3 systems increases. For example, when 40% of households have an HP3 system installed, but these systems do not produce and export electricity, the annual demand is 388 TWh. This reduces to 336 TWh if the fleet of HP3 systems has an export fraction of 50%.



In a scenario where domestic space heating demand is entirely met by HP3 systems, but these systems have an export fraction of 0%, electricity demand is 335 TWh. This scenario is equivalent to supplying heat demand through natural gas boilers. If the HP3 systems were able to export 50% of their heat output in the form of electricity, annual demand would significantly reduce to ~206 TWh.



The increase in the amount of energy consumed annually as a greater fraction of heat demand is electrified is not a particular concern for the electricity system. It simply entails expanding the country’s renewable generation capacity. However, in many cases, the changes in the profile of demand can be an important challenge. For example, electricity demand becomes markedly ‘peaky’ when electrical heat pumps solely supply the full demand for space heating. In this case, the power peaks during winter are about 1.7 times greater than what is currently seen. Furthermore, the ramp rates also increase considerably and can be up to 3× greater. This poses a significant challenge for the electricity system, and without substantial upgrades and reinforcements, it would not be able to provide the power levels that are required [95].



The crest factor is a way of measuring the peakiness of the profile of demand. The crest factor is a ratio that expresses how large the peaks of a profile are compared to its RMS value. Figure 19 shows the variation in the crest factor of the electricity demand profile in relation to the share of HP3 systems (H) and their export fraction (Ɛ). Here, the crest factor is calculated by taking the peak power of the electricity demand profile (i.e., max. demand) and dividing it by the average demand (rms value). As mentioned, the profiles throughout this study have an hourly resolution.



The profile of demand reaches its maximum crest factor of 2.09 (i.e., it is the peakiest) when heat pumps provide 100% of the demand for space heating. When HP3 systems (or natural gas boilers) fully supply the demand for heat and there are no exports of electricity, the crest factor of the demand profile reduces to 1.62. Allowing HP3 systems to generate and export some electricity leads to further reductions in the crest factor. The minimum ‘peakiness’ is observed when HP3 systems handle 100% of the demand for space heating and they have an export fraction of 10%. In this case, the crest factor is 1.56.



Figure 20 considers a scenario where electrical heat pumps supply heat for 40% of UK homes while the remaining 60% of properties use HP3 systems. The different subplots show how the shape of the electricity demand profile is modified as the HP3 systems generate and export more electricity. When the 13.8 million HP3 units (60% of homes) do not export any electricity, the grid sees a peak load of about 80 GW. The peaks reduce as the export fraction increases because the electricity produced and exported by the HP3 systems is delivered at the same time that heat pumps work in the remaining 40% of homes.



When the electricity output of the HP3 systems is 50% of their heat output (i.e., Ɛ = 0.5), the peak load seen by the grid reduces to approximately 54 GW, which is lower than current levels, and the average annual demand reduces from 370 TWh (at Ɛ = 0%) to 293 TWh. It can also be seen in Figure 20 that increasing the export fraction significantly reduces the peakiness of electricity demand. For a heat pump share of 40%, the crest factor is 1.83 when the export fraction is 0, while it reduces to 1.59 when Ɛ = 0.5.



The significant change seen in the electricity demand profile as the export fraction increases will modify the optimal combination of system parameters (values of R, Ω and X will all vary). This will change how much energy storage is needed by the system, the power conversion costs of said energy storage provision and, ultimately, the TCoE.



Figure 21 shows the effect of the electricity export fraction of the HP3 systems (Ɛ) and the combination of energy stores (X) on the TCoE. Each subplot considers a different mix between heat pumps and HP3 systems (H). It should be noted that each curve considers the optimal generation mix and quantity of over-generation for the specific combination of H and Ɛ.



Figure 21 demonstrates that an increased utilization of HP3 systems across the country and a reduced contribution of heat pumps to meeting the domestic heat demand will reduce the TCoE. Allowing HP3 systems to handle 100% of the domestic heat demand minimizes the cost of electricity.



The TCoE also varies as a function of the export fraction. The optimum export fraction varies for the different mixes of electrical heat pumps and HP3 systems. When the share of HP3 systems is small (≤40%), an export fraction of 0.5 minimizes the TCoE. In this case, electricity demand is high because of the large number of heat pumps installed. This allows the fleet of HP3 systems to export the maximum amount of electricity possible.



Greater exports could reduce the cost of electricity even further. However, a separate study found that from a system performance standpoint (relationship between Ɛ and CoP), 50% is a reasonable upper limit for the export fraction.



When the share of homes using HP3 systems is large (≥80%), the TCoE is minimized with an export fraction of only 10%. The reason for this is twofold. Electricity demand is low because not many heat pumps draw power from the grid, and a considerable amount of electricity is exported (even at a Ɛ = 0.1) due to the large amount of individual HP3 systems installed.



When the share of HP3 systems is large, export fractions greater than 0.1 will result in negative peaks in demand of significant magnitude because the electricity produced is exported at times when it is not needed. The negative demand peaks cause the crest factor and the amount of energy storage needed to increase. This causes a higher TCoE.



The electricity cost reduces as fewer properties use electrical heat pumps (i.e., larger H values) because HP3 systems help to flatten demand in two distinct ways: (1) by not drawing electricity from the grid and (2) by putting some power into the grid at peak times. The combined effect of this is that a smaller energy storage capacity is required, which translates into cheaper electricity.



Figure 22 simplifies the information previously shown in Figure 21; only the curve that contains the lowest possible TCoE for each value of H is plotted. The different curves consider the optimum export fraction for the particular mix of heat pumps and HP3 systems. We can clearly see that the cost of electricity reduces as HP3 systems handle a greater share of the space heating demand.



In the scenario where 100% of UK homes use HP3 systems (H = 1), the lowest TCoE achieved is 70.93 GBP/MWh when the HP3 systems have an export fraction of 0.1. Here, wind contributes 90% to the energy mix, and the ratio X has a value of 0.49 (H2 and CAES have almost the same duty). For comparison, when there are no HP3 systems and electrical heat pumps wholly meet the demand for space heating (H = 0), the minimum TCoE is 75.6 GBP/MWh. Here, 95% of all energy produced comes from wind, and the mix of stores (X) reduces slightly to 0.46 (i.e., a shift towards more H2).



Looking at the lowest cost system configuration for the various HP3 penetration levels shown in Figure 22, the over-generation in the system ranges between 12 and 21% of the overall electricity demand.



Figure 23 shows—through a colormap—how the TCoE varies in relation to the share of HP3 systems (H) and their export fraction (Ɛ). The cost per MWh shown for each combination of H and Ɛ considers optimal values of R, X and Ω for that specific scenario. The colourmap is an easy-to-understand summary of the information provided by previous figures. The stars indicate the export fraction that minimizes the TCoE for each mix of heat pumps and HP3 systems.



When the value of H is low (≤0.4), the HP3 systems installed across the country can export up to 50% of their heat output as of electricity. This reduces the TCoE by flattening demand and reducing the amount of energy storage needed by the grid.



When the value of H high (≥0.8), the electricity export of HP3 systems can only be a small fraction of their heat output because there is a large number of systems installed, and electricity demand is low because not many heat pumps draw power. We can also see that when HP3 systems handle most of the heat demand (high H values), large export quantities cause the cost of electricity to increase. As mentioned, the exports exceed demand, creating negative power peaks, which, in turn, call for greater energy storage capacity.



4.2.1. Energy Storage Capacity


One of the main factors contributing to the TCoE is how much energy storage capacity the system needs. Figure 24 shows the variation in the overall storage capacity (H2 + CAES) needed as the share of HP3 systems in the country increases and the fraction of the heat demand handled by electrical heat pumps decreases. All the curves consider the optimum HP3 export fraction (Ɛ), the optimum generation mix (R) and the optimal quantity of over-generation (Ω) for the specific mix of heat pumps and HP3 systems.



Figure 24 shows different mixes between heat pumps and HP3 systems. Nevertheless, the total storage capacity changes with respect to the mix of stores (X) in the same general way previously described in Section 4.1



As the ratio X tends to zero, underground hydrogen caverns provide a greater storage capacity. Conversely, as the ratio X tends to 1, the capacity provided by CAES increases. In general, allowing CAES to service most of the storage duty (X→1) significantly reduces the amount of storage capacity needed, compared to when H2 caverns handle most of the duty (X→0). As mentioned, this difference is attributable to the difference between the efficiencies of CAES and H2, the latter having a considerably lower electricity-to-electricity efficiency.



Figure 24 shows that the electricity system needs less storage capacity as HP3 systems provide heating for a greater proportion of UK homes and the penetration of heat pumps reduces from 100%. This explains to a large degree why the TCoE is higher when heat pumps are installed in more homes.



As discussed in Section 4.1, in a scenario where heat demand is 100% supplied by electrical heat pumps (and there are no electricity exports), the TCoE is minimized with a mix of stores (X) of 0.46. Here, the medium-duration energy store (CAES) provides 27 TWh while the long-duration energy store (underground H2 caverns) provides a much greater 126 TWh for a joint capacity of 153 TWh.



When the market share of heat pumps reduces to 60% and HP3 systems provide heating for the other 40% of homes (H = 0.4) with an export fraction of 0.5, the TCoE is minimized with a mix of stores (X) of 0.53. Here, a total capacity of 98 TWh is needed. Underground hydrogen caverns provide 83 TWh, while the remaining 15 TWh is provided by CAES.



Contrastingly, when HP3 systems provide heating for 100% of homes in the UK (H = 1) with an export fraction of 0.1, the minimum TCoE is found with a mix of stores (X) of 0.49. The storage capacity required in this scenario is smaller at 75.9 TWh; about 62.2 TWh is provided by underground H2 caverns, while another 13.7 TWh is supplied by CAES.



The energy storage capacities reported for the different scenarios and system configurations were calculated using 12 years of UK demand and renewable generation data. Nevertheless, there is potential (albeit limited) that some future year could have an unexpectedly long wind drought. Therefore, the results presented in this paper should be treated as the minimum storage capacity needed to meet demand. It behooves the network operator to determine what level of risk is acceptable and assess whether it is necessary to have any extra storage capacity to enhance the electricity system in terms of robustness, reliability and resilience.




4.2.2. Charging and Discharging Powers


The rated powers of the energy storage provisions are another cost driver. However, their contribution to the TCoE is smaller than that of the storage capacity. Figure 25 and Figure 26 illustrate how the mix between HP3 systems and electrical heat pumps modifies the stores’ (dis)charge powers. Each curve considers the optimum export fraction and renewable mix for the given penetration level of HP3 systems.



The stores’ (dis)charge powers follow the same general behavior discussed in Section 4.1. CAES powers increase as the mix of stores (X) moves towards 1. Oppositely, a reduction in the value of X causes an increase in the hydrogen stores’ rated powers. Figure 25 and Figure 26 show that, regardless of the mix between energy stores (X), the (dis)charging powers of the energy stores become smaller as the proportion of homes using HP3 systems grows.



As mentioned, when heat pumps meet 100% of the space heating demand, the minimum TCoE is found when the mix of stores (X) is 0.46. In this configuration, hydrogen has a charging power of 28 GW, and CAES has a much higher charging power of 100.3 GW.



For comparison, in the scenario where HP3 systems provide 100% of the space heating demand, a mix of stores (X) of 0.49 minimizes the TCoE. Here, the H2 and CAES stores have charging powers of 18.3 GW and 80.4 GW, respectively.



In the optimum (i.e., minimum cost) configuration for a 100% penetration of heat pumps (H = 0), the hydrogen stores have a discharge power of 23.7 GW, while CAES’s rated discharge power is 73.7 GW. For comparison, in the optimum configuration for an HP3 share of 100% (H = 1), the H2 and CAES stores have smaller rated discharge powers of 6.5 GW and 39.8 GW, respectively.




4.2.3. Energy Passed Through Storage and Losses


As fewer homes use electrical heat pumps and the penetration of HP3 systems increases, the amount of electricity put into the stores and discharged back into the grid throughout the 12-year period becomes smaller. This results in lower storage losses (owing to the stores’ inefficiencies) as the value of H increases. Storage losses increase as more electricity is used for domestic heating.



For any given mix between electrical heat pumps and HP3 systems, losses due to storage increase significantly as the mix of stores (X) shifts towards zero. This is because more energy is put into the underground hydrogen caverns, whose roundtrip efficiency is ~25 percentage points lower than that of CAES. Greater energy losses entail increased generation costs because renewables must generate more electricity to compensate for these losses and ensure that sufficient electricity is available to meet demand. In the system configurations that minimize the TCoE for H = 0 and H = 1, storage losses represent approximately ~13% of the total electricity demand.



Table 4 summarizes the system configuration that attains the minimum TCoE. This is achieved when HP3 systems supply 100% of the space heating demand (H = 1) and they have an export fraction of 0.1. The figures presented in Table 4 can be compared against the optimum system parameters for scenarios based on H = 1 and no electricity exports and H = 0. Both scenarios were summarized in Table 2.



Figure 24, Figure 25 and Figure 26 show that the amount of energy storage that the grid needs and the stores’ (dis)charging powers become smaller as the share of space heating demand supplied by HP3 systems increases and the number of dwellings using electricity for heating purposes reduces. This explains the reduction in the TCoE seen as more HP3 systems are introduced.




4.2.4. Composition of the Total Cost of Electricity


The cost of electricity is minimized when there are no heat pumps installed and HP3 systems supply the full demand for space heating (with an export fraction of 0.1). For this scenario, Figure 27 shows how the mix of energy stores (X) changes the composition of the TCoE. Depending on the value of X, the cost of electricity ranges between 70.9 and 76.6 GBP/MWh.



The largest cost is owed to renewable generation, representing between 70% and 77% of the TCoE. Generation costs comprise base generation, over-generation and loss compensation. ‘Base’ renewable generation is independent of X. This component constitutes 55% to 59% of the TCoE. Base generation costs are lower than those observed in a scenario with HP = 0 and no exports because wind’s share (R), which offers a lower cost per MWh compared to solar PV, increases from 85% to 90% when HP3 systems have a penetration of 100% (H = 1) and operate with an Ɛ of 0.1



In Figure 27, over-generation and loss compensation are grouped together. The energy needed to offset storage losses reduces as the mix of stores (X) tends to 1, owing to CAES’s higher efficiency. Depending on the value of X, this component makes up between 4% and 11% of the TCoE.



Because less energy is needed to overcome storage losses, the system can allow a greater amount of over-generation and curtailment. Depending on the mix of energy stores, over-generation ranges between 8% and 11%.



The cost of the overall energy storage capacity is the second largest cost driver. The capacity cost of H2 increases as X tends to 0. This constitutes between 0 and 9% of the TCoE. The capacity cost of CAES represents between 0 and 24% of the TCoE.



A significantly smaller capacity cost is seen at X = 0 compared to X = 1. This is because CAES’s storage capacity costs are greater than those of H2 caverns by a factor > 5.2 (see Table 2).



Power conversion equipment’s contribution to the TCoE is smaller than that of the storage capacity. Power costs associated with the hydrogen caverns represent between 0 and 16% of the TCoE, depending on X. CAES power conversion costs account for between 0 and 6% of the TCoE. A value of X = 1 minimizes power conversion costs due to the lower cost per kW of CAES air compressors and expanders compared to the electrolyzers and hydrogen-fired turbines.



Table 5 considers the optimum (i.e., minimum cost) system configuration for H = 1 and provides a summary of the different cost drivers’ contributions.



Figure 28 shows, in a very simple way, the key finding of this study. In a scenario where domestic space heating is fully decarbonized, a lower cost of electricity can be achieved by supplying a fraction of the heat demand with HP3 systems and allowing those systems to produce and export some electricity during peak times. All points consider the optimum system configuration for the specific combination of H and Ɛ.



It can be seen from Figure 28 that the TCoE reduces from 75.61 GBP/MWh when heat demand is supplied 100% by conventional electrically driven heat pumps, down to approx. 70.9 GBP/MWh when heat pumps are not used anywhere and 100% of heat demand is met by HP3 systems (with an Ɛ = 0.1). The cost per unit of electricity reduces by about 6% (~4.7 GBP/MWh). Although this may seem relatively small, it entails some important changes to the electricity system.



Even without accounting for space heating, achieving a zero-carbon electricity system will still necessitate several tens of terawatt-hours of energy storage capacity. The results of this paper, as well as those of previous studies [28], indicate that if conventional heat pumps were used in 100% of UK homes, a storage capacity of approximately 175 TWh would be needed.



Electricity costs reduce as the share of HP3 systems increases because the need for grid-scale energy storage is reduced. In a scenario where 100% of the space heating demand is met by HP3 systems, the total storage capacity needed is ~76 TWh, which is still a significant figure but considerably smaller than what would be required if demand were fully met by conventional heat pumps.



Developing underground caverns for energy storage (either for hydrogen or compressed air) can take more than a decade until they are fully operational [35,92].



Presently, the UK’s energy storage capacity is near 0 TWh. For obvious reasons, this figure excludes natural gas storage. The country’s largest store (Dinorwig’s pumped hydro) only provides ~0.01 TWh [96]. This highlights two important aspects: (i) the country must ramp up its development of storage capacity to achieve its 2035 Net Zero goals and (ii) new technologies (such as HP3) can be instrumental in achieving Net Zero by reducing the scale of the system upgrades required.






5. Conclusions


Around 17% of the UK’s carbon dioxide emissions come from space heating. Replacing natural gas boilers with electric heat pumps could increase peak grid load by about 70% compared to present values, with significantly faster ramp rates.



To be able to provide all the power that the country will demand, the electricity grid will require substantial upgrades, including a significant energy storage capacity. This will lead to increased costs of electricity. The published literature indicates that the UK would need about 80 TWh to fully decarbonize its electricity system. However, this figure does not consider the electrification of space heating. If 100% of homes in the country were to use electric heat pumps to keep warm, the electricity grid would need > 150 TWh of storage capacity. Most of this storage capacity will be realized as underground H2 caverns, which is the only bulk energy storage technology that is cost-effective at such a scale.



However, deploying all the capacity needed in the short time available is a considerable challenge. Developing underground caverns for hydrogen storage is a lengthy process, and it can take close to 10 years before the stores are operational. At present, the UK has an energy storage capacity of ≪ 0.1 TWh (not counting natural gas storage as it is not zero carbon). Energy storage infrastructure development must commence almost immediately to meet our 2035 and 2050 decarbonization targets.



This paper investigates how the deployment of a novel space heating technology called “High-Performance Heat-Powered Heat Pumps” (HP3s) could help to (i) meet the demand for space heating, (ii) reduce how much grid-scale energy storage is needed and (iii) reduce the overall cost of electricity. HP3 systems do not use electricity to operate. They are heat-driven and can use hydrogen or another clean fuel distributed through the gas network. Therefore, supplying a fraction of the heating demand via HP3 systems will reduce the peak load seen by the electricity grid in comparison to scenarios where electrical heat pumps fully meet demand.



An advantageous feature of HP3 systems is their ability to generate and export electricity. This electricity is produced during the times when the system operates, which naturally coincides with the times electrical heat pumps operate in other houses. The electricity exported by HP3 systems will alleviate some of the strain on the grid created by the heat pumps in the country.



This paper carries out a parametric study focusing on two variables: the fraction of homes using HP3 systems (H) and the “export fraction” (Ɛ) of each one of those systems. The export fraction refers to the amount of electricity produced, which is expressed as a fraction of an HP3 system’s heat output (ranging from 0 to 50%). For every combination of H and Ɛ, an optimization is carried out to find the system configuration that minimizes electricity costs. The electricity system is characterized by three parameters, namely, generation mix (wind/solar PV), the mix of energy stores (CAES and underground hydrogen caverns) and the amount of overgeneration.



A levelized cost of electricity of 75.61 GBP/MWh is seen when 100% of the demand for space heating is supplied by electrical heat pumps. This is the highest cost seen across all scenarios explored. As HP3 systems are introduced into the mix and their market share increases, the cost of electricity reduces. The reason for this is twofold: (i) electricity demand becomes significantly less peaky compared to a scenario where heat is fully electrified, because less power is drawn from the grid during peak times, and (ii) electricity is being produced and exported to the grid at peak times.



When HP3 systems are installed and used in 20% of UK homes, the levelized cost of electricity falls to 73.9 GBP/MWh. This reduces to 71.8 GBP/MWh when the penetration of HP3 systems increases to 40% and to 70.9 GBP/MWh when HP3 systems fully supply the domestic space heating demand in the country. The figures above consider the optimum amount of electricity exports (Ɛ) in each scenario. It is important to note that as more HP3 systems are installed, the amount of electricity each system can export to the grid reduces. This is due to a combination of factors: (i) load on the electricity grid is lower because fewer electrical heat pumps operate and (ii) there is a greater number of discrete HP3 systems installed across the country.



For example, in a scenario where HP3 systems supply 20% of the space heating demand, the optimum export fraction is 0.5. The optimum export fraction reduces to 0.1 in a scenario where HP3 systems are installed in 100% of UK homes. In this scenario, exporting more than 10% increases the cost of electricity. This is because too much electricity is being exported when it is not needed, which increases the electricity demand’s ‘peakiness’. This increases how much energy storage is needed and consequently drives up the overall electricity cost.



As mentioned, the cost of electricity reduces as HP3 systems supply a greater fraction of heat demand (considering the optimum amount of electricity exports). The reduction in the TCoE is due to a reduced need for energy storage. In a scenario where the demand for space heating is entirely supplied by electrical heat pumps (highest cost of electricity), approximately 153 TWh of grid-scale energy storage capacity is needed. In a scenario where all the space heating demand is supplied by HP3 systems, the requirement for grid-scale energy storage could be as ‘low’ as 75.9 TWh. Here, 62.2 TWh is provided by underground hydrogen caverns, while another 13.7 TWh is supplied by CAES systems.



Although the reduction in the TCoE achieved by switching entirely from electrical heat pumps to heat-powered heat pumps may seem relatively small (on the order of 6%), there is a significant reduction (~50%) in the storage capacity that the electricity grid needs. Reducing the magnitude of the infrastructure challenge ahead improves our chances of achieving Net Zero.



Although the HP3 systems discussed are still at a low ‘technology readiness level’ and not ready to be deployed, this paper has shown that new clean heating technologies can substantially contribute to the achievement of Net Zero by reducing the scale of the system upgrades required.
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Figure 1. Block diagram of a heat-powered heat pump. 






Figure 1. Block diagram of a heat-powered heat pump.



[image: Energies 18 05887 g001]







[image: Energies 18 05887 g002] 





Figure 2. A possible configuration for a heat-powered heat pump (HP3). 
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Figure 3. Normalized and adjusted UK electricity demand profile. Mean yearly demand of 335 TWh [44,46]. 
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Figure 4. Normalized profiles of (A) wind power and (B) solar PV power in the UK. 
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Figure 5. Hourly gas demand of the average UK home with respect to the month of the year. 
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Figure 6. Heat demand and electricity used by a heat pump for an average UK home. 
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Figure 7. Country-wide electricity usage once space heating is fully supplied by heat pumps. 
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Figure 8. Effect of different combinations of H and Ɛ on the electricity demand profile. Scenarios: (A) 100% HP3 but 0% export. (B) 100% heat pumps and 0% export. (C) 100% HP3 and 50% export. 
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Figure 9. Algorithm to find the optimal system configuration parameters for a specific scenario (H and Ɛ). 






Figure 9. Algorithm to find the optimal system configuration parameters for a specific scenario (H and Ɛ).



[image: Energies 18 05887 g009]







[image: Energies 18 05887 g010] 





Figure 10. Net demand time series split into two work cycles: CAES and hydrogen caverns. 
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Figure 11. Effect of the market share of electrical heat pumps, the generation mix (R) and the combination of energy stores (X) on the TCoE. 
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Figure 12. Energy losses (given as a fraction of electricity demand), with respect to the mix of energy stores (X) and the market share of electrical heat pumps. 
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Figure 13. Storage capacities supplied by (A) CAES and (B) H2 with respect to heat pump share and ratio X. (C) Total storage capacity needed by the system. The red stars in the figures show the storage capacities at the value of (X) that minimizes the total cost of electricity. 
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Figure 14. Variation in CAES (A) charge and (B) discharge powers in relation to the market share of heat pumps and the storage duty distribution (X). The red stars in the figures show the rated powers at the value of (X) that minimizes the total cost of electricity. 
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Figure 15. Variation in hydrogen store (A) charge and (B) discharge powers in relation to the market share of heat pumps and the storage duty distribution (X). The red stars in the figures show the rated powers at the value of (X) that minimizes the total cost of electricity. 
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Figure 16. Profiles of net electricity demand and penetration of heat pumps of (A) 0% and (B) 100%. The profiles consider the optimum system configuration for each scenario. 
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Figure 17. Composition of the TCoE. Scenarios with heat pump penetrations of (A) 0% and (B) 100%. Each scenario assumes the optimum mix of renewables. 
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Figure 18. Yearly electricity demand (TWh) in relation to the mix between heat pumps and HP3 systems and the electricity export fraction of the HP3 systems. 
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Figure 19. Variation in the electricity demand profile’s crest factor with respect to the share of HP3 systems (H) and their export fraction (Ɛ). 
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Figure 20. Effect of different export fractions on the shape of electricity demand. A mix of 40% heat pumps and 60% HP3 systems is considered. (A) Export fraction = 0% (B) Export fraction = 10%, (C) Export fraction = 30%, (D) Export fraction = 50%. 
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Figure 21. Optimum system configuration for scenarios considering different mixes between electrical heat pumps and heat-powered heat pumps (HP3s). 
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Figure 22. Comparison between the ‘lowest-cost’ curves for the different mixes between heat pumps and HP3 systems. 
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Figure 23. Variation in the (minimum) TCoE with respect to the share of HP3 systems (H) and the export fraction (Ɛ). The red stars show the export fraction that minimizes the cost of electricity for each different heat pump penetration level. 
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Figure 24. Overall energy storage capacity required vs. fraction of homes using HP3 systems. Optimum system parameters are considered for each value of H. The red stars show the storage capacity needed at the value of (X) that minimizes the cost of electricity for each different mix of HP3 and heat pumps. 
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Figure 25. Variation in CAES charge (A) and discharge (B) powers in relation to the share of HP3 systems and the mix between energy stores (X). 
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Figure 26. Variation in the hydrogen stores’ charge (A) and discharge (B) powers in relation to the share of HP3 systems and the mix between energy stores (X). 
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Figure 27. TCoE composition in a scenario based on H = 1 and Ɛ = 0.1 The optimum mix of renewables and level of over-generation is considered. 






Figure 27. TCoE composition in a scenario based on H = 1 and Ɛ = 0.1 The optimum mix of renewables and level of over-generation is considered.



[image: Energies 18 05887 g027]







[image: Energies 18 05887 g028] 





Figure 28. Reduction in the TCoE as the fraction of the heat demand handled by HP3 systems increases and the penetration of electrical heat pumps reduces. 
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Table 1. Values of parameters involved in the calculation of the electricity costs (TCoE).
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	Cost-Influencing Variables
	Value/Units
	Source





	Useful life of hydrogen stores (λ)
	30 Years
	[21,75]



	Roundtrip efficiency of hydrogen stores
	0.45
	[76,77]



	Hydrogen cost of storage capacity (α)
	670 GBP/MWh
	[78]



	Hydrogen charging machinery cost (β)
	1100 GBP/kW
	[79]



	Hydrogen discharge equipment cost (γ)
	450 GBP/kW
	[80,81]



	Useful life of CAES systems(λ)
	30 Years
	[75,82]



	Roundtrip efficiency of CAES
	0.7
	[83,84]



	CAES cost of storage capacity (α)
	3500 GBP/MWh
	[85,86]



	CAES charging machinery cost (β)
	300 GBP/kW
	[85,86]



	CAES discharge equipment cost (γ)
	300 GBP/kW
	[85,86]



	Wind energy levelized cost (  L C o   E   W   )  
	40 GBP/MWh
	[87,88]



	Solar PV energy levelized cost (  L C o   E   S   )  
	60 GBP/MWh
	[89,90]










 





Table 2. Comparison between the minimum-cost system configurations for heat pump penetrations of 0% and 100%.
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	Parameter
	0% Heat Pumps

(0% HP3)
	100% Heat Pumps

(0% HP3)





	Demand over 12 years (TWh)
	4020
	5075.9



	Total renewable energy (TWh)
	5198.2
	6698.9



	Base load generation (TWh)
	4020.0
	5075.9



	Off-setting storage losses (TWh)
	497.5
	724.0



	Over-generation and curtailment (TWh)
	680.7
	899.0



	R (mix of renewables)
	0.9
	1.0



	Wind generation (TWh)
	4418.5
	6364.0



	Solar PV generation (TWh)
	779.7
	334.9



	X (mix of energy stores)
	0.5
	0.5



	Total energy stored (TWh)
	1177.5
	1664.5



	Hydrogen total discharge (TWh)
	259.6
	404.5



	CAES total discharge (TWh)
	420.4
	536.0



	Hydrogen storage capacity (TWh)
	67.6
	126.1



	CAES storage capacity (TWh)
	14.4
	26.9



	Hydrogen rated charge power (GW)
	−17.2
	−28.1



	Hydrogen rated discharge power (GW)
	10.5
	23.7



	CAES rated charge power (GW)
	−86.0
	−100.4



	CAES rated discharge power (GW)
	47.1
	73.7



	Utilization of hydrogen (discharge/size)
	3.8
	3.2



	Utilization of CAES (discharge/size)
	29.2
	19.9



	Hydrogen duration (capacity/power)
	269.3
	221.9



	CAES duration (capacity/power)
	12.7
	15.2










 





Table 3. Breakdown of the TCoE into individual contributions of different parameters. The table considers the optimum system configuration for both heat pump shares.
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	0% Heat Pumps

(0% HP3)
	100% Heat Pumps

(0% HP3)





	Baseload generation
	43 *
	41 *



	Over-generation
	7.29 *
	7.27 *



	Loss compensation
	5.32 *
	5.86 *



	H2 charge equipment
	1.88 *
	2.43 *



	H2 discharge equipment
	0.47 *
	0.84 *



	CAES charge equipment
	2.57 *
	2.37 *



	CAES discharge equipment
	1.41 *
	1.74 *



	H2 storage capacity
	4.51 *
	6.67 *



	CAES storage capacity
	5.03 *
	7.42 *



	Total cost of electricity
	71.49 *
	75.63 *







* All values in GBP/MWh.













 





Table 4. Details of the optimum (i.e., minimum cost) system configuration: HP3 penetration of 100% (H = 1) and 10% exports (Ɛ = 0.1).
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Parameter

	
Value






	
Energy Demand and Renewable Generation

	
12-year electricity demand (TWh)

	
4020




	
Electricity exported (TWh)

	
309.9




	
Demand after exports (TWh)

	
3710.1




	
Total renewable energy (TWh)

	
4840.6




	
Base-load generation (TWh)

	
3710.1




	
Off-setting storage losses (TWh)

	
481.2




	
Over-generation and curtailment (TWh)

	
649.3




	
Mix of renewables (R)

	
0.9




	
Energy from wind (TWh)

	
4356.6




	
Energy from solar (TWh)

	
484.1




	
Energy Storage

	
Mix of energy stores (X)

	
0.49




	
Total energy stored (TWh)

	
1132.3




	
Total H2 output (TWh)

	
254.8




	
Total CAES output (TWh)

	
396.3




	
H2 storage capacity (TWh)

	
62.2




	
CAES storage capacity (TWh)

	
13.7




	
H2 charge power (GW)

	
−18.3




	
H2 discharge power (GW)

	
6.5




	
CAES charge power (GW)

	
−80.4




	
CAES discharge power (GW)

	
39.8




	
H2 utilization (output/size)

	
4.1




	
CAES utilization (output/size)

	
28.9




	
H2 storage duration (days)

	
397.3




	
CAES storage duration (days)

	
14.4











 





Table 5. Composition of the TCoE in the lowest-cost system configuration (H = 1, Ɛ = 0.1, R = 0.9, X = 0.49).
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	100% HP3

(0% Heat Pumps)





	Base generation
	42 *



	Over-generation and curtailment
	7.32 *



	Generation to offset storage losses
	5.5 *



	H2 charge machinery
	2.17 *



	H2 discharge machinery
	0.32 *



	CAES charge machinery
	2.6 *



	CAES discharge machinery
	1.29 *



	H2 storage capacity
	4.49 *



	CAES storage capacity
	5.18 *



	Total cost of electricity
	70.88 *







* All values in GBP/MWh.
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