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Abstract: The implementation of electricity-charged thermochemical energy storage (TCES) using 

high-temperature solid cycles would benefit the energy system by enabling the absorption of vari-

able renewable energy (VRE) and its conversion into dispatchable heat and power. Using a Swedish 

case study, this paper presents a process for TCES-integrated district heating (DH) production, as-

sesses its technical suitability, and discusses some practical implications and additional implemen-

tation options. The mass and energy flows of a biomass plant retrofitted with an iron-based redox 

loop are calculated for nine specific scenarios that exemplify its operation under electricity genera-

tion mixes that differ with respect to variability and price. In addition, the use of two types of elec-

trolyzers (low-temperature and high-temperature versions) is investigated. The results show that 

for the Swedish case, the proposed scheme is technically feasible and capable of covering the na-

tional DH demand by making use of the existing DH plants, with an estimated process energy effi-

ciency (electricity to heat) of 90%. The results also show that for a retrofit of the entire Swedish DH 

fleet, the required inventories of iron are approximately 2.8 Mt for the intermediate scenario, which 

represents 0.3% and 11.0% of the national reserves and annual metallurgical production rates of the 

national industry, respectively. In addition to the dispatchable heat, the process generates a signifi-

cant amount of nondispatchable heat, especially for the case that employs low-temperature electro-

lyzers. This added generation capacity allows the process to cover the heat demand while decreas-

ing the maximum capacity of the charging side computed herein. 

Keywords: variable renewable energy (VRE); thermochemical energy storage (TCES); iron looping; 

district heating (DH); electricity market; Nordic region 

 

1. Introduction 

It is well known that increasing the share of renewable energy sources in the electric-

ity system is crucial for the decarbonization of such energy systems. In particular, variable 

renewable energy (VRE) in the form of wind and solar power generation has undergone 

strong growth in the past few decades and is expected to increase in the upcoming years 

[1–3]. However, given that VRE generation is inherently intermittent, as its share in a 

given energy system increases, so do the grid instabilities and the requirements for fre-

quency and stability control. At the same time, systems with strong penetration of VRE 

experience periods of high availability and very low availability, or even negative elec-

tricity prices when the output from generation surpasses the demand. In fact, the misa-

lignment of production and demand is the main reason for the curtailment of VRE gener-

ation and is therefore highly undesirable. Such misalignment can, to some extent, be re-

duced by implementing energy storage solutions. This, along with other variation man-

agement measurements, aims to achieve flexibility in the demand side (i.e., shifting the 

load in time to account for electricity price variations) [4,5]. 
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The IEA [6] anticipates that energy storage, in general, will provide the flexibility and 

robustness needed to achieve a fully decarbonized energy system. Depending on the con-

text, different variation management options (and combinations of options) for handling 

the variations in nondispatchable electricity generation on different time scales will be 

required [7,8]. The use of storage will enable VRE electricity to be harvested during the 

periods of highest availability and stored to be used during periods and at locations with 

a high level of demand and a low level of VRE production. Thus, energy storage can con-

tribute to covering the net load curve (electricity demand minus VRE generation), and this 

will reduce the share of VRE that needs to be curtailed, thereby increasing the value of 

VRE. Storage can be in the form of pumped hydropower, batteries (both lithium based 

and vanadium flow), or hydrogen and other electrofuels. It can also take the form of heat 

by using the link between electricity and heat in district heating (DH) systems and elec-

tricity-based residential heating (using the thermal capacity of buildings as storage). Heat 

can be stored as latent or sensible heat. Different materials can be used for heat storage 

depending on the temperature of the source and that of the final application. However, 

the main drawback of thermal storage technologies is the heat losses that occur over time, 

which hinder seasonal storage. Note that because DH systems are based on the transmis-

sion of heat via a hot fluid (usually water), they have an inherent storage capacity, and 

some studies have quantified this storage capacity and evaluated its expansion. This can 

be achieved through the addition of hot water tanks, through the implementation of con-

trol tools, and in combination with storage to exploit the thermal capacities of buildings 

[9–11]. 

A promising technology that facilitates the storage of heat in the form of chemical 

energy is thermochemical energy storage (TCES). TCES offers the possibility to store en-

ergy for indefinite periods of time under ambient conditions. Many of the TCES systems 

achieve energy densities of the same order of magnitude as currently used fuels, making 

transport and storage economically attractive [12] and offering the possibility to discharge 

the heat at high temperatures (700–1000 °C). This enables the efficient conversion (if re-

quired) of the stored heat into electricity though conventional power cycles. Among the 

different materials considered for TCES, redox systems are often highlighted [13–15]. 

These systems are based on metal oxides for which the reduction step requires a signifi-

cant amount of specific energy (per kg of reduced solid), which can be stored to be re-

leased later (and at a different location if so desired) in the oxidation step. Thus, TCES 

processes have the potential to absorb nondispatchable electricity and, thereafter, produce 

dispatchable DH and electricity. Such a scheme would increase the energy and resource 

efficiencies not only of regional energy systems (including the DH networks) but also of 

the national energy system (because the transportation of energy could be carried out 

without relying on the electricity transmission network) while boosting the penetration of 

VRE. The idea of combining TCES and DH is attractive because a large share of the avail-

able infrastructure of the DH system can be adapted to use a reduced metal as fuel [16,17]. 

DH plants based on solid fuels (fossil and nonfossil) in the Nordic countries typically use 

fluidized bed (FB) combustors (either bubbling or circulating), which can be retrofitted to 

process metal powders [18]. In addition, the water-steam equipment, as well as the hot 

water networks already in place, could remain unaltered. 

Heating is an essential service that accounts for almost one-third of the final energy 

consumption in Europe. Therefore, it is important for energy security and decarbonization 

policies [19] and even more so following the Russian invasion of Ukraine [20,21]. In urban 

areas of the Nordic and Baltic countries, the heat demand is primarily met by DH systems 

that are powered by heat-only plants and combined heat and power (CHP) plants as well 

as through the use of waste heat from industrial processes. In Latvia, Estonia, Lithuania, 

Poland, Denmark, Sweden, and Finland, more than 50% of the inhabitants are supplied 

by DH [22], and the largest absolute consumption levels on a national basis are those of 

Poland, Germany, and Sweden (each of which surpassed 50 TWh in 2013), followed by 

Finland, Denmark, Czech Republic, Slovakia, France, and Austria (with national net 
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consumptions in the range of 20–40 TWh in 2013) [23]. In several of these countries, solid 

biomass (wood and municipal solid waste,MSW)–fired CHP units have been crucial in 

reducing the use of fossil fuels [24], as is the case in Sweden, Austria, and Estonia. 

In this sense, given the significant share that heat demand has in the total energy 

consumption in a high percentage of European countries, there is growing interest in elec-

tricity-based heating systems that can be combined with storage, as a means to increase 

the penetration of VRE while dampening the variations in the electricity supply. Never-

theless, three aspects should be carefully considered. First, in a system with low flexibility, 

the direct electrification of heating systems would add a considerable load onto the elec-

tricity grid during periods when the electrical system is close to the limit of its capacity, 

and the electricity is produced at high cost. Second, using electricity for heating is obvi-

ously not desirable unless there is some additional benefit, such as the use of electricity 

during periods when there is an abundance of generated electricity, which would other-

wise be curtailed. Third, the future distribution of the energy (both electricity and heat) 

demand will increase the stress on urban areas (forecasts indicate that more than 80% of 

European citizens will live in urban areas by 2050 [25]), meaning that electricity from VRE 

generation will need to be transmitted from regions of high availability to regions of high 

demand. 

With regard to the electrification of the heating services, two technologies are high-

lighted in the literature as direct electrification options, namely electric boilers and heat 

pumps [26,27]. Electric boilers were commonly used in countries such as Sweden and 

Norway as single residential user solutions. However, they quickly became less attractive 

when taxes were imposed on electricity with the aim of reducing the dependency on elec-

tricity for heating (and to disincentivize exergetically inefficient uses of dispatchable 

power) because, as mentioned above [28], converting electricity to hot water is justifiable 

only when there is an excess of electricity that could otherwise not be used. However, 

electric boilers with large capacities (up to the MW scale) still have relatively low invest-

ment costs and are to some extent compatible with existing DH schemes [29–31]. In con-

trast, heat pumps appear to be an attractive solution mainly because they use low-tem-

perature heat, which makes them an efficient option, and they can be used as centralized 

units in DH systems if low-temperature waste heat is available [32]. Although electric 

boilers and heat pumps can exploit the thermal inertia of buildings and the sensible heat 

(hot water) in the DH system, such storage systems can cover demand-side variations only 

on a daily basis. In contrast, among the so-called indirect electrification alternatives, there 

are some that incorporate energy storage in the form of chemical energy. This is the case 

for the use of electricity to produce hydrogen that is stored and later used to produce heat 

[33]. This offers the possibility of greater decoupling (in time, but eventually also in loca-

tion if the energy carrier is transported) between energy generation and demand, thereby 

solving the problem of adding an extra load to the electricity system and opening up op-

portunities to increase the penetration of VRE and potentially balance the instabilities of 

a future energy system. However, currently available technologies for storage and trans-

portation of hydrogen require high-pressure tanks (up to about 700 bar) or chemical bind-

ing (with consequent increases in costs and safety measures—as well as the limitation 

related to the maximum reachable energy density, owing to the weight added) [34,35]. 

Depending on the energy system context, a few storage solutions can be combined to 

cover different types of variations, where TCES is especially suitable for long-term stor-

age. 

Not only would regional and national energy systems benefit from the electrification 

of heating services, as discussed above, but it should also be considered that energy use 

of biomass could become restricted. On the one hand, the price of biomass is likely to 

increase in the near term and midterm with expected increased competition for its use in 

other sectors. On the other hand, challenges related to obtaining sustainably produced 

biomass streams are foreseen. Although the importance and competitiveness of biomass-

fired CHP in future energy systems have been highlighted in several studies as supporting 
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this technology to produce low-temperature heat, where they are preferred over electric 

boilers (a highly exergy-destructive process) [36], the increasing competition for biomass 

will probably result in that it will instead be used as feedstock to produce higher-value 

end products [37]. 

Along with this, new processes and technologies are steadily being advanced to en-

able the use of residual biomass streams in the chemical industry. At present, the produc-

tion of hydrocarbons from renewables is high on the agenda for sectors in which it is chal-

lenging to substitute carbon-based commodities, such as in aviation, freighting, and the 

construction industry [38,39]. The EU Parliament has recently voted through an act to ter-

minate the classification of some forest biomasses as carbon neutral, which if implemented 

would drastically limit the use of biomass for energy services. The situation is exacerbated 

by an expected shortage of biomass in the near future, as it is predicted that by 2030, the 

supply of forest biomass in Europe will be too low to meet the projected demand and that 

residual biomass will not be sufficient to bridge the deficit [40]. While the implementation 

of bioenergy with carbon capture and storage (BECCS) is planned as a carbon dioxide 

removal (CDR) technology, and specific targets are being proposed [41], it is not entirely 

clear how BECCS can economically compete and show a clear climate benefit with other 

uses of biomass in hard-to-abate sectors and for longer-lived products [42]. 

From the above background, we conclude that there will be a great need for storage 

technologies that can provide storage over longer time periods, from weeks up to seasonal 

storage. If such a system can be combined with the operation of a DH system, this could 

contribute to reducing the biomass dependency of production units in DH systems. There-

fore, the aim of this work is to present and assess the concept of a TCES process that makes 

use of a redox loop, absorbs and stores VRE, and meets the varying demand of a DH 

system. For this purpose, the Swedish system is selected and used as a case study. This 

paper comprises the following: (i) a description of the proposed scheme (Section 2); (ii) a 

description of Sweden as a case study (Section 3); (iii) preliminary mass and energy bal-

ances at the plant level for the process scheme and for different future energy system sce-

narios in the context of the Swedish case (Sections 4 and 5); and (iv) a discussion of the 

practical implications, additional implementation options and opportunities and chal-

lenges associated with the suggested concept, including, to some extent, a comparison 

with potential alternatives for DH electrification (Section 6). 

Although the case study in this paper focuses on the situation in Sweden to evaluate 

the concept, the work may also be relevant for other countries with DH systems that have 

characteristics similar to those in Sweden (plants of similar size and layout). The Swedish 

case constitutes an illustrative case thanks to its numerous DH systems and large reserves 

of metal ores. In Sweden, during 2020, out of the 49.1 TWh of DH delivered, 45% was 

produced in CHP plants, 33% in “heat-only” plants, and 11% from flue gas condensation 

in the CHP plants. In some Swedish cities, the use of industrial waste heat can constitute 

a large share of the base heat production. The main energy source is biomass combustion 

in the CHP plants [43], where only 9% and 1% of the heat is being supplied to the DH 

systems by heat pumps and electric boilers, respectively. Sweden has an advantageous 

starting point to develop an iron-based TCES system that is incorporated into DH systems. 

Sweden has had iron and steel production plants for a long time, and the national iron ore 

reserves are predicted to sustain operations beyond 2060. In addition, there is a planned 

transition to the electrification of industries (in particular the iron and steel industry) [44]. 

Along with the development of the iron production industry, the infrastructure to 

transport the ore is well established across the country, using the long coastline and nav-

igable inland waters, and this makes it possible to supply densely populated areas that 

have a demand for DH. 
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2. The Proposed Scheme 

This section describes the scheme proposed for a TCES process with the incorporated 

production of DH, based on a high-temperature redox cycle. The process absorbs nondis-

patchable electricity and stores it as chemical energy, which can subsequently be dis-

charged as dispatchable heat. While the production of combined heat and power is a fea-

sible option (discussed in Section 6.1), the DH-only scheme is the one assessed in detail in 

this work. 

The primary scheme is depicted in Figure 1 and revolves around the possibility of 

retrofitting existing biomass-fired DH-generation facilities into high-temperature redox 

cycle TCES plants. The main components of the plant are the two gas–solid reactors, in 

which the metal is reduced and oxidized in a cyclical manner. FB reactors are recom-

mended for both reactors thanks to their strong mass and heat transfer capabilities at a 

large scale and because current DH plants are often based on FB combustors; i.e., part of 

the already-installed infrastructure can be modified to perform the process described in 

Figure 1. 

 

Figure 1. Schematic of the TCES plant proposed in this work, based on a high-temperature redox 

cycle. The plant absorbs VRE to produce hydrogen in the electrolyzer together with nondispatchable 

heat for the DH network. The hydrogen is then used to reduce a metal in a charging reactor. From 

there, the metal is transferred to a storage unit, from which the metal is subsequently transported 

to a discharging reactor, where it is oxidized to produce dispatchable heat for the DH network. A 

make-up stream of reduced metal is included, as is the purged oxidized material, which can be sent 

back to a local metal industry. 

The charging section of the plant consists of low-temperature electrolyzers, the re-

duction reactor, a heat pump, and the storage tank(s) for the reduced material. The elec-

trolyzers absorb renewable electricity in order to split water into molecular oxygen and 

hydrogen. The latter is fed to the reduction reactor, where the chemical reduction of the 

metal oxide occurs. Because the net reduction reaction is endothermic, an additional input 

of energy is required to complete the reduction reaction of the solid material [45]. To meet 

this requirement, additional hydrogen (around 20% compared with the amount needed 

for the reduction) must be generated by electrolysis, so that it can be oxy-combusted in 
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the reduction reactor. Note that the amount of additionally needed hydrogen can be re-

duced by recirculating the exhausted fraction (after separation from water) from the reac-

tor, the amount of which is defined by the thermodynamic equilibrium under the condi-

tions of the reaction. The hot streams exiting the reactor are used to preheat the inlet 

streams, which leaves a surplus for the further extraction of heat in the form of DH. Sim-

ilarly, the heat losses from the electrolyzer (up to 30% for alkaline units) can be used for 

this purpose. As the charging section is operated during periods when electricity is avail-

able at prices that are competitive for the process, a heat pump can be installed to further 

recover the low-temperature heat losses and shift them to DH temperatures. Thus, the 

operation of the charging section involves the associated production of nondispatchable 

DH (see the operational modes in Figure 2). 

 

Figure 2. Schematic of the TCES plant proposed in this work, based on a high-temperature redox 

cycle. The plant absorbs VRE to produce hydrogen in the electrolyzer together with nondispatchable 

heat for the DH network. The hydrogen is then used to reduce a metal. 

Regarding the discharging section, reduced material from the corresponding storage 

tank(s) is fed into the oxidation reactor, where air is used to fluidize the solid material 

while providing the required oxygen for oxidation. The heat liberated during the reaction 

is absorbed by membrane tube walls (available in existing boilers), thereby generating 

steam that can be further utilized for heat production according to the conventional 

schemes (i.e., desuperheating and condensation), which are also present in the retrofitted 

plant. Thus, whenever it is operated, the discharging section produces dispatchable heat 

at the desired temperature level. The heat exchange between the inlet and outlet reactor 

streams is crucial to maximizing the energy efficiency of the discharge section. 

Because the operations of the reduction and oxidation reactors are decoupled 

through the addition of solid storage at ambient temperature, the sizing of the reactors (as 

presented in Section 4) can be designed so that the charging section operates only during 

periods of strong availability and competitive prices of renewable electricity (hereinafter 

referred to as competitive electricity), while the discharge section can be dispatched on the 

basis of demand for heat, i.e., following the same operational pattern as that applying to 

DH boilers operated today [46]. Nonetheless, there may be periods during which the heat 

demand can be covered by the charging section alone, as this section generates a consid-

erable amount of nondispatchable heat. Thus, the proposed scheme increases the plant 

heat-generation capacity, and the use of the oxidation reactor can be reserved for periods 

of high heat demand and noncompetitive electricity prices. Thus, several operational 

modes can be defined on the basis of the availability of competitive electricity and the 
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demand for heat, as displayed in Figure 2. First, as the additional heat production is non-

dispatchable, its utilization is prioritized, and the heat demand should as a matter of pri-

ority be covered by the nondispatchable generation. The possibility to boost heat produc-

tion is also enhanced by the installation of a heat pump, which can be used to recuperate 

the heat losses generated while reducing the metal. In addition, operating both the reduc-

tion and oxidation sides is possible under conditions of very high heat demand and com-

petitive electricity prices. 

A purge and a make-up stream of solid material are required owing to the expected 

loss of reactivity, attrition (due to structural changes caused by repeated extreme temper-

ature changes) and consequent elutriation and to melting or sintering, among others. The 

need for make-up depends largely on the mechanical performance of the material and the 

reaction conditions, which are specific to the redox system used. In this regard, the redox 

system may be chosen based on the availability of metals or ores in the region or country 

in question, which contributes to a synergy between the storage plants and the metallurgic 

industry. The make-up solids would be supplied by the metal mill and transported using 

the existing infrastructure, whereas the depleted solid material could be sent back to the 

metal industry. A buffer of fresh solids can be kept at the metal mill for periods of constant 

high electricity prices or peaks in the heat demand that cannot be covered by the storage 

on-site. At the same time, the metal reduction industry could benefit from the expanded, 

distributed capacity for ore reduction offered by the retrofitted storage plants while max-

imizing the utilization of the low-temperature heat produced during the reduction pro-

cess. 

A key aspect of the proposed scheme is that all the essential pieces of process equip-

ment used in the scheme are available at the large scale, which means that there is a low 

risk that the process will be hindered by a lack of suitable equipment. While the oxidation 

of metal fuels with air has been studied for several decades [47], technology for the full 

reduction of metals with hydrogen in FB reactors at the MW scale has been developed by 

Metso Outotec and Exxon/SiemensVAI [48–50]. Although a major challenge linked to 

these processes is the very high degree of reduction required in the output solids stream 

[51], the current concept proposes a redox cycle involving degrees of reduction that are 

more easily attainable and that require simpler process layouts. Alkaline electrolyzers are 

currently undergoing rapid refinement and expansion in terms of the number of installa-

tions and reduced costs, and they are available up to the GW scale [52]. The novelty of the 

proposed TCES scheme is that it combines already-existing processes into an entirely new 

configuration. Thus, although the proposed TCES is novel, it should be possible to imple-

ment it at a high technology readiness level (TRL). 

3. Sweden as a Case Study 

In the present work, Sweden is selected as an illustrative case to carry out an initial 

assessment of the proposed scheme. As explained in Section 1, Sweden has strong poten-

tial to implement such a system thanks to its existing metal ore mining activity and infra-

structure for metal reduction, the ongoing expansion of VRE electricity, and widespread 

DH systems. 

Fe-oxide systems should be suitable as TCES materials due to the high energy density of 

metallic iron, the good availability of the ores, competitive cost, and the availability of a con-

siderable body of research and data on the characteristics of the Fe-oxides [53]. The latter is 

linked to the fact that the reduction (and, partially, the oxidation) of iron has for decades been 

the subject of study in metallurgy. More recently, the cyclic reduction/oxidation of iron and 

iron perovskites has received attention thanks to research on chemical looping combustion 

(CLC) processes [54]. The volumetric energy density of pure iron, assuming full oxidation, is 

40.7 MJ/L, which is considerably higher than that of wood (about 3 MJ/L) or coal (range of 26–

49 MJ/L), and significantly higher than that of hydrogen (5.3 MJ/L) [55] (see Figure 3). Note 

that the gravimetric energy density of iron is very low compared with that of H2: 5.2 MJ/kg 

versus 141.8 MJ/kg, respectively. However, storing hydrogen requires high-pressure tanks or 



Energies 2023, 16, 1155 8 of 27 
 

 

chemical binding, which reduces the gravimetric energy density. Additionally, depending on 

the degree of reduction and the particle size of the iron powder, its volumetric energy density 

can be reduced by up to 50%. 

 

Figure 3. Gravimetric and volumetric energy densities of metals compared with organic combus-

tible materials and batteries. Source: Kobayashi et al. [55]. 

Iron can be thermally reduced by heating the ore to the decomposition temperature 

of the oxides [56], or it can be chemically reduced in the presence of a hydrocarbon, CO, 

or H2 (significantly lowering the temperature of reaction). The iron and steel industry has 

traditionally used coal in the reduction process (which is gasified in an oven to produce 

reductant species). More recently, the direct iron-reduction (DIR) process [51] has at-

tracted attention mainly because it employs natural gas instead of coal (which is reformed 

during the process), thereby lowering the carbon emissions of the process. The DIR pro-

cess is based on a multiphase reaction between small particles of the ore and gaseous H2 

and CO to produce “sponge iron”, which can be subsequently melted in an electric arc 

furnace (EAF). This is regularly performed in FB reactors, and it omits the pelletization 

step, which was traditionally needed when using coal. One recent advance in the iron-

reduction process is the use of pure hydrogen as the reduction agent [57,58], which com-

pletely excludes the participation of carbon atoms and eliminates the CO2 emissions at-

tributed to the reduction process. The hydrogen employed in the process should be pro-

duced via electrolysis by using renewable electricity. This process has been proven to be 

technically feasible at the large scale (where FB-based processes provide outputs in the 

range of 0.5–2.0 Mt/yr once having been implemented [48]). Sweden, in line with the latest 

national plans for decarbonizing steel production, is advancing toward the industrial im-

plementation of such a process [59]. 

The process presented in Section 2 is amenable to implementation in any existing 

combustion-based DH plant that uses the FB technology, which is the most commonly 

used firing technology in Swedish DH systems. The typical capacities of such plants are 

around 100 MW thermal output [60], which is the reference plant size considered in the 

present work (see Section 4.2). From the national perspective, if a sufficiently high number 

of plants is retrofitted according to this scheme, a firm connection between the iron indus-

try and the DH network will be created (depicted in Figure 4). The retrofitted DH plants 

would make use of the stored DRI available at the iron mill site to (i) supply the required 

make-up flows of iron and maintain a high degree of cyclability within the DH plants and 

(ii) cover the periods of unexpected peaks in the heat demand. Correspondingly, the 
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material purged from the DH plants is sent back to the iron mill, which could be reutilized 

for steelmaking. The retrofit of the DH system will then lead to a substantial increase in 

the total inventory of the stored DRI, possibly leading to greater flexibility in the iron and 

steelmaking processes. Regarding the transport of reduced iron from the metal mill (in 

the northern region of Sweden) to each DH plant (and vice versa), populated coastal areas 

would benefit from the possibility to transport by ship, whereas regions without access to 

harbors would rely on land-based transport options, such as trains and trucks. A detailed 

analysis of the logistics (train and road routes, distances to harbors from each plant, etc.) 

of transporting DRI is outside the scope of the present paper. 

 

Figure 4. Scheme at the national level for the storage of energy and production of DH from renew-

able electricity using an iron redox cycle. The iron mills, located in the northern region of Sweden, 

maintain a backup storage system for reduced iron, which can be used for make-up or to cover 

unexpected peaks in the heat demand. Depleted iron oxide is sent back to the iron mills. The trans-

portation of iron relies on the transport infrastructure and logistics already provided by the iron 

industry. 

4. Methodology 

4.1. Overview 

The present work comprises a quantitative assessment of the proposed scheme by 

using exclusively energy and mass balances at the plant level. An overview of the assess-

ment methodology is presented in Figure 5, where the inputs and outputs for the calcula-

tion of the energy and mass balances are indicated. By selecting certain geographic and 

temporal contexts, the input parameters can be defined, i.e., the redox system, the 
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representative plant size, the electrolyzer type, and the surrounding energy system. The 

latter will define the availability and variability of electricity at a certain price profile, a 

share of which can be used and stored within the system. Note that the process is based 

on the retrofitting of existing units, as does the methodology presented in Figure 5. 

 

Figure 5. General methodology followed to assess the suggested scheme in given geographic and 

temporal contexts. 

4.2. Considerations for the Case Study 

Preliminary mass and energy balances are computed for an existing reference DH 

plant with an installed thermal output capacity of 100 MW, retrofitted according to the 

process described in Section 2. The chosen reference capacity corresponds to that of a typ-

ical size of plant with biomass-fired FB boilers in Sweden [60]. The metal system selected 

for the case study is iron, as explained in Section 3. The characteristics of a possible future 

electricity market in terms of generation technologies and corresponding annual price 

profiles (including variations thereof) are considered through the selection of nine scenar-

ios, as described in Section 4.2.1. 

4.2.1. Framing of the Energy System 

The reference DH plant is assumed to be operated as a base-load unit in a local mu-

nicipal DH system. For simplicity, it is assumed that the plant is dispatched for full-load 

operation during the winter months, i.e., 6525 h/yr, and is switched off during the summer 

(a common practice when assessing this type of plant [46]), as shown in Figure 6. Different 

electricity price profiles (on-spot production electricity prices) are used to evaluate the 

impact of electricity availability, which is reflected in the capacities of the electrolyzers 

and reduction reactor, as well as its variability, which will affect the storage size. The pre-

sent work considers different electricity price profiles simulated by the electricity system 

investment model “hours-to-decades” (H2D) [33]. This model minimizes the investment 

cost of the electricity system for three scenarios (corresponding to three carbon tax rates) 

while meeting the corresponding foreseen electricity demand of Northern Europe, subdi-

vided into 12 regions to represent major transmission bottlenecks. Thus, the optimum 

technology mix for electricity generation, transmission, and storage capacities is identi-

fied. This work uses three electricity price profiles for the south of Sweden, which are 

obtained from the model by representing different ratios, from wind power to nuclear 
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power (derived by simulating Years 2030, 2040, and 2050, respectively, in the aforemen-

tioned region). Table 1 lists the resulting electricity mixes and the corresponding assumed 

CO2 tax for each price profile. For a deeper insight into the electricity profiles utilized, the 

reader is referred to [33]. 

 

Figure 6. Amount of dispatchable heat production over the year assumed to be generated at the 

reference DH plant. 

Table 1. Electricity mixes and cost of CO2 tax for the three electricity price profiles considered. Notes: 

CCGT, combined cycle gas turbine; PV, photovoltaic. 

Electricity Price Profile A: Nuclear_Dominated B: Medium_Wind C: High_Wind 

Electricity mix (%) 

Hydro 12  20 27 

Wind 31  52 65 

Nuclear 56 27 - 

PV 1 1 2 

Biogas 

CCGT 
- - 6 

CO2 tax (€/tonne) 40 100 400 

The present work does not make cost optimization calculations for sizing the TCES 

process. Instead, for a given electricity profile, three thresholds in relation to the electricity 

price for triggering the charging section of the TCES process are selected (i.e., varying 

what is considered competitive electricity for the process), corresponding to the different 

operation hours of the charging step: 

• Price threshold 1, Only_VRE—the charging step makes use of only wind-dominating 

periods. 

• Price threshold 2, UF_50—the charging step utilizes electricity for 50% of the year. 

• Price threshold 3, No_peak—the charging step avoids only peak price events, charac-

terized by sharp increases in the price duration curves. 

Each threshold is, therefore, applied to each price profile. The resulting nine scenarios 

are presented in Table 2, such that each one has a specific electricity price level (i.e., con-

sidered competitive electricity), above which the charging section is never turned on, cor-

responding to a reduction running time, tred (hours per year that the charging section op-

erates), utilization factor (UF, which is calculated for the charging section), and average 

duration of variations (ADV, [46]). The ADV is computed as the weighted average of the 

duration of the periods in which the price rises above the threshold. As shown in Table 2, 

the ADV of the Only_VRE threshold is the largest for all three price profiles, as it repre-

sents periods with typical durations of variations of 7–12 days [46]. The ADV of the 

No_peak threshold is shorter than 12 h for all the scenarios, as it represents daily peaks of 

high demand, while the ADV of the UF_50 threshold is intermediate to those of the other 

two thresholds. 
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Table 2. Characteristics of the nine scenarios considered in this work. The parameters are calculated 

according to the characteristics of the electricity price profiles and the criteria formulated for the 

selection of thresholds. UF, utilization factor; ADV, average duration of variations. 

Threshold/Electricity Price 

Profile 
A: Nuclear_Dominated B: Medium_Wind C: High_Wind 

Only_ 

VRE 

Reduction running 

time, tred (h/yr) 
1487 1680 5295 

UF (-) 0.17 0.19 0.60 

ADV (h) 181  244 147 

UF_50 

Reduction running 

time, tred (h/yr) 
4380 4380 4380 

UF (-) 0.50 0.50 0.50 

ADV (h) 54 64 90 

No_peak 

Reduction running 

time, tred (h/yr) 
8605 8596 8502 

UF (-) 0.98 0.98 0.97 

ADV (h) 12 7 8 

The electricity price for each scenario is not presented here, because it has no impact 

on the calculation (as the performed process sizing is a function of UF and ADV). This is 

the case because, as mentioned before, the electricity price profiles correspond to produc-

tion prices, which differ from the actual buying prices, which for industries are typically 

based on some price-purchasing agreement (PPA), i.e., a more or less long contract. The 

present assessment addresses the impacts of the variations and operational mode on the 

net energy and mass balances over the process, rather than the impact of the absolute 

value of the electricity price. As a consequence, the results are limited to reflect how the 

TCES process performance depends on the dynamics of the electricity price curves. 

4.2.2. Process Sizing 

The present work performs the plant sizing required for the oxidation reactor to pro-

vide dispatchable heat during the cold months of the year, as it does before the retrofit. 

Note that this will most likely result in excessive capacities for the charging section, as the 

installation of the charging section adds a certain nondispatchable heat-generation capac-

ity to the process. Nonetheless, it represents the most conservative situation in which, 

given an electricity mix and a price threshold (see Section 4.2.1), the plant can ensure dis-

patchable heat generation throughout the year (for an overview on the plant operational 

map, see Figure 2). Thus, the oxidation reactor is assumed to steadily operate for 6525 h/yr 

(from 1 September to 31 May), where the solid inflow and solid outflow, Foxid,in and Foxid,out, 

respectively, are computed from the energy and mass balances over the reactor (see Sec-

tion 4.2.3). In contrast, the reduction reactor operates intermittently but at full capacity 

whenever it is in operation, during tred h/yr. Thus, in comparison with the oxidation reac-

tor, the reduction reactor capacity is overdimensioned because it needs to provide suffi-

cient reduced solids to cover the periods during which it may not operate. Thus, the ca-

pacity of the reduction reactor (expressed as solid inflow, Fred) is computed according to 

Equation (1): 

𝐹𝑟𝑒𝑑,𝑖𝑛 ∙ 𝑡𝑟𝑒𝑑 = 𝐹𝑜𝑥𝑖𝑑,𝑜𝑢𝑡 ∙ 6525 (1) 

In this paper, the sizing of the storage is calculated as a function of the ADV, accord-

ing to Equation (2). Instead of optimizing the sizing of the storage so that it can cover all 

the possible variations in a given year (as is common in other storage systems; see, e.g., 

[61]), a backup at a metal mill, which is located in the northern part of the country and 

available at all times, is assumed here (see Section 3). Thus, the storage size is here 
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calculated for each of the nine scenarios on the basis of the types of variations that must 

be absorbed, i.e., to cover periods with a duration of ADV h. 

𝑀𝑠𝑜𝑙𝑖𝑑𝑠,𝑠𝑡𝑜𝑟𝑒𝑑 = 𝐹𝑜𝑥𝑖𝑑,𝑖𝑛 ∙ 𝐴𝐷𝑉 (2) 

In order to quantify the share of dispatchable heat in the total heat generated after the 

retrofit, a dispatchability ratio rdisp is defined according to Equation (3). This factor represents 

the fraction of the absorbed VRE that can be delivered with a displacement in time (and po-

tentially in space), i.e., how much of the consumed electricity is actually stored. Such a metric 

is relevant for comparing the proposed scheme with other alternatives for the electrification 

of DH and for the evaluation of different configurations of this same process. 

𝑟𝑑𝑖𝑠𝑝 =
𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 ℎ𝑒𝑎𝑡

𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 + 𝑁𝑜𝑛𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 ℎ𝑒𝑎𝑡
∙ 100 (3) 

Although the proposed scheme is suggested to operate with low-temperature elec-

trolyzers (see Section 2), this work includes two types of electrolyzers in the assessment: 

a low-temperature electrolyzer operating with liquid water at 90 °C and a high-tempera-

ture electrolyzer operating with steam at 900 °C [62]. This is to include a future scenario 

in which the high-temperature electrolyzer technology is assumed to be available, which 

will facilitate heat integration [63]. It is assumed that 60% of the losses from electrolyzer 

are recoverable (this number is higher for the case with a low-temperature electrolyzer if 

a heat pump to enable the recovery of the heat losses at a temperature that is useful for 

DH is installed), which is an assumption line with [62]. 

Lastly, the cyclability of the material is estimated on the basis of the experimental 

results from a 100 kW CLC unit that applied redox cycles similar to those envisioned here 

[64]. From the results, it was concluded that iron oxide materials can sustain 2000–5000 

cycles (Nlifetime) of high-temperature oxidation reduction before being elutriated from the 

reactors (this is assumed to occur at a faster rate than that of the chemical deactivation of 

the material). Thus, the make-up and purge flows are here computed according to Equa-

tion (4), which computes the residence time of each cycle based on the sum of the resi-

dence times of each volume involved (i.e., the reactors and storage tanks). Some additional 

process parameters utilized for the mass and energy balances, as well as for the storage 

sizing, are displayed in Table 3. 

�̇�𝑚𝑎𝑘𝑒−𝑢𝑝 =
𝑀𝑠𝑦𝑠𝑡𝑒𝑚

𝑁𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 ∙ 𝜏𝑐𝑦𝑐𝑙𝑒

 (4) 

Table 3. Process parameters used for the energy and mass balances. 

Parameter Value 

Low-temperature electrolyzer electricity consumption 194 MJ/kgH2 

High-temperature electrolyzer electricity consumption 136 MJ/kgH2 

FeO density 5740 kg/m3 

Fe3O4 density 5170 kg/m3 

Fe2O3 density 5240 kg/m3 

Void fraction of bulk materials 0.5 (-) 

Lifetime of the material, Nlifetime 3500 cycles 

4.2.3. Reactor Modeling 

The oxidation and reduction reactors are modeled in Aspen Plus as RGibbs reactors, 

i.e., by assuming chemical equilibrium and on the basis of the Gibbs free energy minimi-

zation model [65] (see Table 4). The reactor models allow for Fe(s), FeO(s), Fe2O3(s), and 

Fe3O4(s) as possible solid species in the equilibrium. Following the analysis carried out by 

Bahgat et al. [66], the conditions in the reduction reactor are fixed at 1100 °C and 1 bar, 
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such that the degree of reaction is maximized for a relatively low reaction time (i.e., 100 

min). Because the reduction of Fe3O4 is the slowest reaction [67], its molar concentration 

in the solid phase at the outlet of the reduction reactor is fixed at 10% of Fe3O4. The net 

heat requirement of the reduction reactor is supplied by combusting additional hydrogen 

(above that required for establishing the equilibrium of the reduction reactions), which is 

also supplied by the electrolyzers. The combustion is assumed to occur prior to the reduc-

tion chamber (with an efficiency of 98%), and therefore, the molecular oxygen is assumed 

to be not present for the reduction reaction and does not need to be accounted for in the 

equilibrium. Thus, the total H2 production of the electrolyzers is the sum of the reduction re-

quirement, H2,red, and the combustion requirement, H2,comb. Regarding the oxidation reactor, 

conditions similar to those in an air reactor used in CLC research [47] are selected, i.e., 900 °C 

and 1 bar, under the assumption of no FeO in the outlet stream (as it is the limiting oxidation 

reaction step). 

Table 4. Reactor operational conditions, given parameters, and outlet condition constraints. 

Reactor Operational Conditions Given Parameter Outlet Condition Constraint 

Reduction  1100 °C and 1 bar Solids inflow 10% Fe3O4 content in solid phase 

Oxidation 900 °C and 1 bar Net heat flow 0% FeO content in solid phase 

In addition, the following assumptions are made when modeling the reactors: 

• Uniform pressure and temperature are assumed. 

• No pressure or heat losses is assumed. 

• Steady-state operation is assumed. 

• The solid streams entering each reactor are assumed to be heated to a temperature 

that is 200 °C lower than the reactor temperature, through a series of heat exchangers 

that recover heat from the outlet reactor streams. This assumption is on the conserva-

tive side according to the results from equivalent works [68]. 

5. Results 

The energy and mass balances of the process applied to the Swedish case were cal-

culated for each of the nine scenarios specified in Table 2, which correspond to different 

combinations of electricity price curves (representing different generation technology 

mixes (A.B.C.) and ADV values in the range of 7–244 h) and price thresholds (that trans-

late into UF values in the range of 0.17–0.98). After the overall energy balance has been 

assessed, the results are presented in terms of the size of the iron storage; capacities of the 

reduction reactor and the electrolyzers; and electricity and solid material make-up re-

quirements. For each case, an assessment of the process with high-temperature electrolyz-

ers is also carried out. The chemical compositions of the solid streams indicate that while 

the solid stream leaving the oxidation reactor is composed of 100% Fe2O3, the material 

exiting the reducer is a combination of FeO (74%) and Fe3O4 (26%), which suggests that 

metallic iron cannot be generated under the reduction conditions present in the reduction 

reactor. This outcome does not depend on the scenario, given that the reaction conditions 

are identical for all the computed scenarios. 

Figure 7 shows the overall energy balances of the proposed scheme for both of the 

charging and discharging sections, normalized for 100 energy units of dispatchable heat 

production, for the processes with low- and high-temperature electrolyzers. A look at the 

charging section shows that despite the fact that a large share of the heat losses from the 

electrolyzers is recovered by the heat pump, unrecoverable losses persist and make up the 

largest fraction of the losses in the system. It is also clear that the reduction reactor suffers 

no heat losses, thanks to the placement of the heat pump, while the oxidation reactor has 

an 8% inherent loss of heat because no heat pump is assumed available when running the 

discharging section (although this aspect could be considered in further analyses, it would 

be subject to the availability of competitive electricity). Regarding the case in which high-
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temperature electrolyzers are used for the retrofit (Figure 7b), the fraction of the heat 

losses slightly increases compared with the process with low-temperature electrolyzers, 

owing to the absence of the heat pump, whereas the level of electricity consumption is 

substantially decreased. 

 
(a) 

 
(b) 

Figure 7. Overall energy flows of the proposed scheme for both the low-temperature electrolyzers 

case and the high-temperature electrolyzers case, normalized for 100 energy units of dispatchable 

DH production (i.e., generated in the discharging section). Note that the discharging section in the 

case with high-temperature electrolyzers is the same as that in the case with low-temperature elec-

trolyzers and, therefore, is not included (a) Energy flow of the charging section for the schemes with 

low-temperature electrolyzers (top) and with high-temperature electrolyzers (bottom) (b) Energy 

flow of the discharging section (does not differ between the two electrolyzers). 

In fact, the calculated levels of electricity consumption do not differ among the nine 

scenarios (Table 2), although they are heavily dependent on the type of electrolyzer used, 

Charging section

Discharging section
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being around 1.8 TWh/yr for the low-temperature electrolyzers and 1.1 TWh/yr for the 

high-temperature electrolyzers (Figure 8). According to a comparison of these values with 

the annual heat production levels of the plants (1.67 and 0.94 TWh/yr, respectively), the 

computed energy efficiencies of the processes turn out to be around 90% and 86%, respec-

tively. Importantly, the approach taken in this work to compare setups is based on the 

assumption of a retrofit of current plants, where the FB biomass boiler is converted into 

an iron oxidation reactor that is capable of running at maximum capacity for 6525 h/yr. 

Consequently, as shown in Figure 8b, while the total amount of dispatchable heat gener-

ated in the oxidation reactor remains the same for both cases (and equivalent to the level 

of heat generation of the original plant), there is an added nondispatchable heat produc-

tion that differs between the low- and high-temperature electrolyzer cases. Thus, there are 

substantial differences in the share of dispatchable heat as compared with the total heat 

generated, where rdisp is 44% and 79% for the low- and high-temperature electrolyzer cases, 

respectively. This is due to the much higher level of nondispatchable heat delivered in the 

reduction section for the case with low-temperature electrolyzers, as a consequence of 

their having higher electricity consumption. The maximum fraction of nondispatchable 

heat that can be recovered from the reduction side of the low-temperature electrolyzer 

case if a heat pump is in place is indicated in Figure 8a with a dashed yellow line. To aid 

the comparison (see Section 6) of the suggested scheme with other heat production elec-

trification alternatives, Figure 8 includes the values estimated for the heat generation, elec-

tricity consumption, and energy efficiency of a heat pump–based system delivering 100 

MWth of DH. 

  
(a) (b) 

Figure 8. Energetic performances of the investigated process for the two types of electrolyzer units 

considered. For comparison, the estimated performance of an equivalent DH heat pump system is 

included (note that against the TCES process, heat pump only does not consume exclusively com-

petitive electricity and therefore is indicated as “electricity”) (a) Annual net energy flows of the 

proposed scheme for the two types of electrolyzers analyzed. The dispatchable heat is generated in 

the discharging section, while the nondispatchable heat is generated in the charging section. The 

amount of nondispatchable heat that can be recovered if a heat pump is in place is marked within a 

dashed yellow line (b) Dispatchability ratios and energy efficiencies (electricity to heat) of the pro-

posed scheme for the two types of electrolyzers analyzed. Note that the dispatchability ratio of heat 

pump only is 0. 

The computed inventories of the reduced solid materials (in tonnes) and the sizes of 

the storage silos (in m³) are shown in Figure 9. The required stored material linearly cor-

relates with the ADV. Therefore, the required storage is largest for the Only_VRE thresh-

old (52,534–87,199 tonnes), while the No_peak threshold requires the smallest material in-

ventories (2500–4200 tonnes), as only electricity demand peaks with durations of 7–12 h 

are to be covered by the storage. Translating the masses of stored solids into volumes, the 
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Only_VRE threshold requires a tank for the reduced solids with a volume of 18,000–30,000 

m3, whereas for the No_peak threshold, a tank with a volume of around 1000 m3 is needed. 

Note that in all the scenarios, a second storage tank of similar size is required for the oxi-

dized material. As expected, the results computed for the UF_50 threshold lie somewhere 

in between those for the other two thresholds for all the investigated scenarios. The com-

puted tank sizes can be compared with conventional tanks found in process facilities such 

as refineries, which range in volume from 10,000 to 100,000 m3 for a single tank. 

 

Figure 9. Sizes of the inventories of reduced material required (in tonnes) and the corresponding 

storage volumes, for the nine scenarios under investigation. 

The required installed capacities of the reduction section units are plotted in Figure 

10, in terms of the power capacities of the electrolyzers (MW) and the mass inflows of 

solids for the reduction reactor (kg/s). Note that both variables correlate directly with the 

reduction running hours, which means that the scenarios computed for the Only_VRE 

threshold again show the largest capacities. However, for the High_wind profile, the re-

quired capacities are reduced while keeping the operational costs low (as Only_VRE rep-

resents the threshold with electricity at the lowest prices). It can also be seen in Figure 10 

that, as expected, the No_peak scenarios result in the smallest capacities, as the UF value 

of the reduction section is kept close to 1. When utilizing low-temperature electrolyzers, 

the computed capacity to be installed is in the range of 196–1150 MW, while the capacities 

of the more efficient high-temperature electrolyzers are on average 30% smaller, in the 

range of 140–812 MW. The reduction reactor’s inlet mass flow is between 82 kg/s for a UF 

value close to 1 and 475 kg/s for the scenario with the lowest UF value (0.17). Note that for 

the scenarios with the No_peak threshold, the capacity required for the reduction reactor 

is smaller than that required for the oxidation reactor (with an inlet solid flow of 108 kg/s). 

This is because with storage in place, the reduction section is allowed to operate during 

the summer months, in which case the oxidation reactor is turned off, therefore yielding 

a larger tred value than the case without storage. Nevertheless, for such a case, an additional 

inventory of solids would be required because the reduction reactor should be able to run 

independently of the oxidation reactor during the summer months. 
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Figure 10. Capacities required for the electrolyzers (in MW, including both the high- and low-tempera-

ture cases) and the reduction reactor (in kg/s of inlet solids), for the nine scenarios under investigation. 

Regarding the make-up material needed to maintain constant conversion rates in the 

reactors, the computed amounts (plotted in Figure 11) range from 320 to 718 t/yr (equiva-

lent to 56–126 m3/yr). It can be seen in Equation (4) than the required make-up material is 

affected directly by the material flowing throughout the process. Therefore, the computed 

flows displayed in Figure 11 are a direct function of the reduction in running hours. Con-

verting the plotted numbers into trucks/yr (assuming a truck payload of 30 tonnes), the 

resulting values are in the range of 10–24 trucks/yr. Note that a similar flow of oxidized 

material is required to be purged and sent back to the iron mill. 

 

Figure 11. Make-up flow required for each of the nine scenarios under investigation. 

6. Discussion 

This section discusses (i) the practical implications of the results presented in Section 

5, at both the national and plant levels, and (ii) three implementation options that extend 

beyond the basic process assessed in this work. This discussion highlights the 
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opportunities and benefits of the scheme in both present and future energy systems and 

establishes comparisons with other potential options for electricity-based DH. 

6.1. Practical Implications 

At the national level, given that the installed capacity of Swedish DH plants larger 

than 20 MW is around 12,500 MW [60], a complete retrofit of the Swedish DH fleet (ex-

trapolating the intermediate scenario, i.e., with the UF_50 threshold applied, to the Me-

dium_wind profile) would require an inventory of around 2.8 Mt of iron material, which is 

about 0.23% of the Swedish national reserves and approximately 11% of LKAB ś annual 

production of iron ore (around 27 Mt/yr) [69], so it falls into the feasible national mining 

capacities. The calculated make-up streams (to cover material losses and deactivation) 

would amount to about 40 kt/yr for the entire DH fleet in the same scenario, which repre-

sents 0.15% of LKAB ś annual production of iron ore. Although a full application of the 

TCES system investigated in this work will require large amounts of iron ore, it can be 

concluded that both the Swedish iron reserves and the Swedish iron industry should be 

able to cover the mass inventories and mass flows required for an iron-based national DH 

system. This will of course require that a business model be developed such that the metal 

industry and DH sector discover a mutual economic interest in the concept. 

As shown in Figure 8b, the computed energy efficiency of the process for the base 

case, i.e., with low-temperature electrolyzers, is around 90% (for the preliminary scheme 

presented here, which does not include any advanced heat integration). Thus, a retrofitted 

Swedish DH fleet (the current system supplies 50 TWh/yr of heat) would require about 58 

TWeh/yr, i.e., a 33% increase in the current level of electricity consumption in Sweden (140 

TWeh/yr). This electricity demand for the large-scale implementation of TCES would most 

likely be met by new wind power capacity (both onshore and offshore). Note that such a 

high penetration level of renewable electricity in the system would replace the biomass 

currently consumed for DH production (equivalent to around 15 Mt of CO2 that could be 

saved yearly). Because the present solution includes the intermediate transformation of 

electricity into chemical energy (which can be stored and transported) before being con-

verted into heat, it offers the potential to deliver heat even at times when and places at 

which the grid is at its maximum capacity. The flexibility offered by the system in allowing 

for the charging of storage whenever it is convenient removes the need to overdimension 

the electrical grid transmission and production capacities. 

At the plant level, the mass and energy balances confirm the technical ability of the 

proposed process to satisfy the heat demand that is covered today by DH-generation 

plants, regardless of the characteristics of the surrounding electricity system (in terms of 

availability and variability). Furthermore, the required transportation of solid material 

through the boundaries of a given DH plant that is applying the iron-based scheme is 

largely reduced compared with the current biomass-based scheme. Thus, in a 100 MWth 

plant, transportation of solids is decreased from 700 t/day (1240 m³/day) of wood chips 

(assuming 30% moisture, a heating value of 20 MJ/kgdaf, and a density of 380 kgdry/m³) to 

1–2 t/day (0.3–0.7 m³/day) of iron make-up, as depicted in Figure 11 (although the typical 

distances for biomass transportation are much shorter than those required by the present 

scheme). For a full assessment of the costs and emissions generated from the transport of 

solid materials, a more in depth understanding of the quality and reactivity is needed. 

A key finding of the present work, displayed in Figures 8 and 9, is that the suggested 

process involves the addition of a certain nondispatchable DH-generation capacity to the 

retrofitted plant, in particular for the layout involving low-temperature electrolyzers (the 

installed capacity is almost double according to the process sizing methodology followed 

in this work). Thus, as the computed energy and mass balances represent the most con-

servative process sizing, smaller capacities for the charging side could be achieved if, for 

example, the oxidation reactor is assumed to operate at the minimum load rather than the 

maximum load. To illustrate this, a conventional 100 MWth DH peaking plant operating 

at full load for 6000 h/yr would require an electricity consumption of 0.67 TWhe/r. After 
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applying the rdisp = 44% computed here, 0.264 TWh/yr of heat would be delivered by the 

oxidation reactor, while 0.336 TWh/yr would be nondispatchable, i.e., produced in the 

charging section. Note also that the amount of nondispatchable heat generation is reduced 

in the case with high-temperature electrolyzers (as is the electricity consumption), thereby 

simplifying the operational scheme because the heat production capabilities are limited 

to the discharging side (see Figure 7). The higher the dispatchability ratio, the more flexi-

ble the operation that the plant offers. 

Although detailed equipment sizing is not within the scope of the present work, some 

rough estimations can be made. The oxidation reactor is meant as a retrofit of a current FB 

boiler; i.e., its dimensions are previously set. The typical dimensions of a 100 MWth FB 

furnace are as follows: cross-sectional area in the range of 25–80 m2 (depending on 

whether it is of the bubbling or circulating type) and height in the range of 20–30 m. These 

dimensions ensure that the evaporator membrane walls have a sufficient heat-exchange 

area for the desired level of heat removal. FB reactors require a certain inventory of solids 

(30–50 tonnes of sand/ash in the case of a 100 MWth boiler) to achieve adequate thermal 

mixing and heat transfer rates. The iron residence times and mass flows through the oxi-

dation reactor calculated in this work indicate that the retrofitted unit would require an 

iron solid inventory of the same order of magnitude. Regarding the reduction reactor to 

be constructed, it would be adiabatic and thus free of heat-exchange requirements, and its 

dimensions would reflect the residence time required for the desired conversion and sol-

ids throughput. 

An additional benefit of the DH process presented in this work, as compared with 

biomass-based DH plants, is the elimination of emissions (not only CO2 but also NOx and 

SOx) and alkali-related issues, such as deposition on heat-exchanger surfaces, corrosion, 

agglomeration, and the handling of the ash output. Indeed, the oxidation of metals would 

allow for an increased furnace temperature (which thereby increases in the steam data 

and the thermodynamic process efficiency), as compared with a biomass furnace. Moreo-

ver, the cogeneration of electricity (briefly introduced in Section 6.1) is a feasible option. 

Rather than dimensioning the storage capacity so that it is capable of covering the 

longest-possible variations (as typically carried out for other energy storage technologies), 

the storage is here sized to cover the average variation, characterized by the ADV value. 

ADV is a function of the technology mix for electricity generation and the electricity price 

threshold for running the charging section. Therefore, periods longer than the ADV and 

during which electricity prices are higher than the threshold cannot be covered by the 

storage in place. Instead, the scheme presented here offers the possibility to make use of 

the backup of reduced material at the metal mill (for this case study, located in northern 

Sweden; see Section 3). To illustrate this, taking the Medium_wind profile and the UF_50 

threshold yields one critical period of 470 h (compared with the ADV of 64 h) during 

which the electricity prices are higher than the selected threshold. A full storage unit 

would provide coverage for the first 64 h, resulting in 406 h of oxidation reactor operation 

that would need to be supplied by the backup reserve. This translates into 145,000 tonnes 

(25,600 m³) of reduced material needing to be freighted over a period of 17 days (by truck, 

train, or ship, depending on the plant location). Alternative strategies are to add storage 

capacity or increase the threshold price (i.e., running the reduction section despite the 

high electricity price). The optimal dimensioning of the storage cannot be elucidated with-

out further detailed economic assessments. 

A comparison of the scheme proposed in this work with DH systems based on heat 

pumps (HP) shows that the main benefit of the iron-based process lies in the dispatcha-

bility of heat production. This is highly valuable in terms of both the economic feasibility 

of the concept (which would otherwise rely on the high price volatility of the electricity) 

and the management of variations in the electricity system (a benefit that cannot yet be 

monetized but will likely be decisive in the upcoming energy systems). Heat pumps (with 

rdisp = 0%) need to consume electricity according to the heat demand curve, which at certain 

times can be extremely costly and exerts stress on the electricity grid. Even though 
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combining heat pumps with thermal energy storage (HP-TES) would somewhat alleviate 

these issues by providing a day-scale storage, wind power variations are characterized by 

longer time scales. Therefore, the resulting rdisp of HP-TES systems depends on the ADV of 

the variations to be absorbed, which is not the case for the unlimited time scale offered by 

the process presented here. Furthermore, the high discharge temperatures in the sug-

gested scheme can deliver dispatchable electricity and industrial heat, making it a more 

robust solution for future energy systems (see Section 6.1), and it offers the possibility to 

transport the stored chemical energy in the form of charged (reduced) solid material, as-

suring high power supply in narrow time periods. On the other hand, HP systems are 

highly efficient and flexible in extracting low-temperature heat from different sources (air, 

water, and ground) and are suitable for a wide range of capacities. 

The production of hydrogen through electrolysis and its storage for the subsequent 

production of heat (and power) represent an alternative to the process presented here, 

given that they would offer similar benefits in terms of absorbing available competitive 

electricity as a means to increase the penetration of VREs. A proper comparison of these 

systems is not possible at this point, because the evaluation would be largely dependent 

on cost variables not included in this work, such as the optimum reactor and storage sizes 

and costs or the actual price of electricity. Nevertheless, it can be expected that the H2 

storage costs would be higher than those associated with the present scheme, given the 

need for high-pressure containers or processes for chemical binding and given the need 

for additional safety measures [34]. Furthermore, the possibility to transport the chemi-

cally stored energy between different locations, which is one of the key potentials of the 

process presented here, can be techno-economically challenging for H2-based systems. 

6.2. Additional Implementation Options 

While the present work focuses on evaluating the basic process scheme linked to the con-

cept, additional implementation options that enhance the technical and economic perfor-

mances of the base scheme are briefly discussed below. Assessing the suitability of each option 

is outside the scope of this work and requires a technoeconomic analysis that includes the 

characteristics of the electricity system and the local heat and hydrogen demands. An over-

view of the expanded operational modes when factoring in the additional implementation 

options is given in Section 6.2.4. Schematic process diagrams of the additional implementation 

options can be found in Figures S1–S3 in the Supplementary Material. 

6.2.1. Reduction Hub 

To exploit the economy of scale driving the costs of large-scale FB reactors [68,70], 

the charging sections of several oxidation plants could be merged into a single reduction 

hub that would consist of a single larger reduction reactor, several electrolyzers, and 

larger storage units for the solid material (see Figure S1). A major advantage of this option 

is that the current DH plants would need hardly any retrofitting as the charging section 

would now be offsite, and the oxidation reactor could be relatively easily adapted from 

today’s FB boiler. In addition, only the hub needs to be connected to the electricity grid. 

Furthermore, the transport of material to and from the metal mill (according to Figure 4) 

is minimized as only transportation within the region of influence of the reduction hubs 

is required, which also means that the efficient transport of large amount of solids needs 

to be guaranteed. 

6.2.2. Cogeneration of Electricity and Industrial Heat 

The oxidation of metals with air in FB reactors can occur at temperatures as high as 

1100 °C [47]. This feature enables the simultaneous production of electricity and high-temper-

ature heat for, e.g., nearby industrial plants (see Figure S2). This possibility is especially attrac-

tive for CHP plants as they already have the power production infrastructure in place and a 

market for the different services. An additional benefit of this option in future energy systems 
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is that the added flexibility (derived from the long-duration storage) will be valued much 

higher than it is today [46], turning the retrofitted DH plants into key players for balancing the 

electricity grid, not only by absorbing electricity during periods of competitive prices but also 

by generating electricity during periods of high prices. 

6.2.3. On-Demand H2 Production 

By splitting the oxidation step into a first stage of oxidation with steam and a second 

stage with air, the on-demand production of H2 is enabled. Such a configuration, based 

on the so-called wet metal cycle, is depicted in Figure S3 [71]. Because the metal is reduced 

during low-electricity-price periods and can be stored indefinitely, the production of H2 

in the steam oxidation reactor can adapt to the demand and be decoupled from the elec-

tricity prices, without the need for expensive H2 storage. The on-demand production of 

H2 would be of special interest for heavy transport as the facilities would be distributed 

throughout the country. Through this alternative process, the energy storage plants would 

become polygeneration facilities. Note that the use of the air oxidation reactor is manda-

tory if H2 and dispatchable DH are to be produced simultaneously, because the oxidation 

with steam has a very low heat of reaction. The need for two oxidation reactors instead of 

one makes the investment cost of the retrofit much higher than the alternatives described 

above. However, given the price predictions for green hydrogen [72], this alternative 

could be financially attractive and is worth considering. 

6.2.4. Expanded Operational Modes 

The operational map of the plant is expanded as more outputs are considered. Simi-

larly, its utilization and economic performance are expanded. To illustrate this, a scheme 

for the different operational modes of a polygeneration plant that produces heat, power, 

and hydrogen on demand is depicted in Figure 12. The different modes are a function of 

the availability of electricity at competitive prices and the demands for heat and hydrogen. 

Note that the demand of hydrogen would be defined according to the specific location of 

the plant as it would be the result of, e.g., the activity of heavy transport or nearby indus-

tries. At the same time, the periods during which the electricity price is not competitive 

represent opportunities for the plant to generate electricity. Provided that there is a de-

mand for hydrogen, it can be produced on the charging side or the discharging side, de-

pending on the electricity price. During periods with competitive electricity prices, the 

hydrogen can be produced by operating the electrolyzers at higher capacities than those 

required by the reduction reactor, and during periods of higher electricity prices, the hy-

drogen can be produced in the steam oxidation reactor. If required, the air oxidation unit 

can be run in order to profit from the generation of electricity. Note that conventional CHP 

plants often have the possibility to boost their electricity production by running in con-

densing mode, which could be exploited during periods of high power demand and low 

heat demand. Often, the amount of available power at a given time and geographic loca-

tion is limited by the available grid infrastructure. Thus, periods/locations with such lim-

itations that coincide with demands for hydrogen could be covered by running the steam 

oxidation. 
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Figure 12. Expanded operational map of a polygeneration plant, based on the suggested process. 

The operational mode chosen depends on the availability of competitively priced electricity and the 

demands for heat and hydrogen. Reductor* refers to the reduction section being operated at elec-

trolyzer capacities greater than that required by the reactor. 

7. Conclusions 

The present work proposed the retrofitting of biomass-fired DH plants into TCES 

plants on the basis of a high-temperature redox loop, which is able to absorb nondispatch-

able electricity for storage in the form of reduced metal and can deliver dispatchable, high-

temperature heat in a separate stage. A basic layout of the process was proposed, and the 

technical feasibility of the scheme was assessed on the basis of energy and mass balances 

computed for a reference Swedish DH plant of typical capacity (i.e., 100 MWth). Different 

scenarios were defined to include differences in the electricity price profiles and charac-

teristic variations of the electricity supply and price, as they relate to the required inven-

tory of stored material and the capacity of the charging section. In addition, two cases 

(using either low- or high-temperature electrolyzers) were assessed. 

The process offers the possibility to generate nondispatchable heat (up to 56% of the 

total heat production for the case with low-temperature electrolyzers, mainly in the form 

of recoverable heat losses in the electrolyzers) while the charging section is operated. If 

the process is instead deployed with high-temperature electrolyzers, the level of electricity 

consumption is greatly reduced (for the same amount of dispatchable heat produced), as 

is the generation of nondispatchable heat (only 21% of the total heat produced), thus stor-

ing a larger fraction of the absorbed VRE. As for the Swedish case in focus and an inter-

mediate scenario, the inventory of iron oxide required to stock the entire DH network to 

be converted into the TCES scheme would be around 2.8 Mt, with a make-up flow of 40 

kt/yr. This would not have any major impact on the total national metal reserves or iron 

ore production capacity. 

The present work confirmed the potential of the proposed system in future energy 

systems with different levels of electricity variability as a plausible option for the electri-

fication of DH plants. Further integration into the energy system though the simultaneous 

generation of electricity and hydrogen is an interesting implementation alternative, as the 

high temperature of the discharging step provides the opportunity for the generation of 

electricity by making use of the equipment available in CHP plants. The amount of addi-

tional nondispatchable heat that is produced suggests enhanced flexibility to operate the 

system in several modes, so as to exploit the ability of the system to generate electricity 

and hydrogen on demand. This opens up the possibility to use the plant for electricity 

grid-balancing purposes, shifting energy from periods of strong availability (competitive 
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price) to periods with high demand (higher price) at a seasonal time scale. Nonetheless, 

assessing the economic feasibility of the process requires refining the process layout and 

more-detailed calculations that consider the specific boundary conditions of the case to be 

evaluated. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/en16031155/s1, Figures S1, S2 and S3 can be found in the Supple-

mentary Material of this paper. 
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Nomenclature 

ADV average duration of variations 

Fred,in solids inflow into the reduction reactor 

Foxid,out solids outflow from the oxidation reactor 

H2,comb hydrogen required for combustion 

H2,red hydrogen required for chemical reduction 

Msolids,stored inventory of reduced solids stored 

Msystem total inventory of solids 

Nlifetime number of cycles within the material lifetime 

m ̇make-up material make-up flow 

rdisp dispatchability ratio 

tred reduction running time 

τcycle residence time of one cycle 

UF utilization factor 

Abbreviations 

BECCS bioenergy with carbon capture and storage 

CDR  carbon dioxide removal 

CHP combined heat and power 

CLC  chemical looping combustion 

DH district heating 

DIR direction iron reduction 

DRI direct reduced iron 

EAF electric arc furnace 

FB fluidized bed 

HP heat pump 

HP-TES heat pump with thermal energy storage 

MSW municipal solid waste 

TCES thermochemical energy storage 

TRL technology readiness level 

VRE variable renewable electricity 
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