',\' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 17 July 2020
doi: 10.3389/fenrg.2020.00137

OPEN ACCESS

Edited by:
Yulong Ding,
University of Birmingham,
United Kingdom

Reviewed by:
Thomas Alan Adams,
McMaster University, Canada
Tingxian Li,
Shanghai Jiao Tong University, China
Adriano Sciacovelli,
University of Birmingham,
United Kingdom
Seon Tae Kim,
Tokyo Institute of Technology, Japan

*Correspondence:
Matthias Schmidt
matthias.schmidt@dir.de

Specialty section:
This article was submitted to
Process and Energy Systems
Engineering,
a section of the journal
Frontiers in Energy Research

Received: 17 January 2020
Accepted: 04 June 2020
Published: 17 July 2020

Citation:

Schmidt M and Linder M (2020) A
Novel Thermochemical Long Term
Storage Concept: Balance of
Renewable Electricity and Heat
Demand in Buildings.

Front. Energy Res. 8:137.

doi: 10.3389/fenrg.2020.00137

Check for
updates

A Novel Thermochemical Long Term
Storage Concept: Balance of
Renewable Electricity and Heat
Demand in Buildings
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Until today the space heat demand of residential buildingsni northern and middle
European countries is still mainly supplied by the combusin of fossil fuels (mostly gas
and oil). The sector therefore contributes a major share ohe yearly energy related
CO, emissions of these countries. One reason for the low renewdé penetration in the
heating sector is, that the largest heat demand occurs durig the winter period whereas
in contrast high production rates of renewables prevalentl occur during the summer
period. To overcome this seasonal discrepancy this paper @poses a novel long term
storage system based on the thermochemical reaction of caiam hydroxide to calcium
oxide and water. Basic idea of the concept is to use excess eldricity, for example
from roof top photovoltaic systems, during the summer time @ drive the endothermal
charging reaction. The charged material can then be storedni simple containers at
ambient temperature and the chemical potential is presendwithout energy losses for
an unlimited period of time. During the winter the thermal esrgy, which is released by
performing the exothermal back reaction, provides the heatlemand of the building.
In contrast to so far analyzed reaction systems for seasonadtorage, the system is
discharged with liquid water instead of water vapor, which ehances the discharging
process, technically and energetically. Moreover, usinglectrical energy for charging,
instead of solar thermal energy, allows a exible adaption fothe storage operational
times. This way, the system can be operated so, that the wastdeat, which necessarily
occurs during the charging process, can completely be usedd satisfy the domestic hot
water production during the summer. This newly identi ed ogration principle enables a
signi cant increase of the systems storage ef ciency. A deailed analysis of the energy
balance combined with a rst case study of the integration ito the building revealed that
a potential storage ef ciency of up to 96% can be reached. In bief, this paper presents
a completely new technological concept which couples the pawer and heat sector by
cost ef cient long term energy storage and evaluates the patntial for the application in
residential buildings.

Keywords: thermochemical energy storage, calcium hydroxide
design

/oxide, seasonal storage, power to heat, process
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HIGHLIGHTS from gas and another 25% from oil and co@l)YSSEE-MURE,
n.d.; Energy e ciency trends and policies in the household
- Proposal of a novel seasonal storage concept for thend tertiary sectors energy e ciency trends and policies fire t

building sector household and tertiary sectors an analysis based on the, n.d
- Coupling of power and heat sector by energy and cost e cientopySEE MURE Database, 2)01Fhe gures from 2016 for
long term storage Germany are similar, showing over 80% share of fossils fuels
- AnalySiS of integration into the bUI'dIng and assessmeht O(Lopez et al., Zojhgand a very low renewable heat Supp]y of
storage e ciency 13.5%, which can mainly be dedicated to the combustion of
biomass including wood pellet8 (indesumweltamt, 20).9
INTRODUCTION On the other hand the electricity production from renewable

sources in particular photovoltaic (PV) systems and wind farms

The energy demand of residential buildings represents a hud@creased considerably over the last years, resulting inases
share of the global end energy use. For instance, in the Earope® 37.8% Bundesumweltamt, 20}8n the electricity sector.
Union (EU) the building sector is responsible for 40% of the endccordingly the total installed PV capacity in Germany aquisu
energy use and 36% of the total energy relatecs @issions 0 46 GVWbeakat the end of 2018. The global trend is similar
(EU, 2010; Krese et al., 201&ven in a highly industrialized where a huge increase in the installed capacity in particular o
nation like Germany the building sector accounted for 35.3050lar PV systems was reportediN 21, 201p
of the end energy use in the year 2016. The production of this From the discussed numbers it becomes clear that the
energy from di erent sources caused 215 mega tons ob Co!ntegratlon of renewable_ heatln_g syste_ms has been neglected
which represents 28.2% of the yearly overall energy rela@d C N the past decaqles_ while the installation of PV _s_ystems was
emission of Germany§MWi, 2019. To understand the reasons SUPPorted by a signi cant cost decrease and additional policy
behind these huge emissions caused by the building sector,ngentives in various countries. Nevertheless, this leadthe
closer look on the actual nal energy demand in the buildingCUrrentsituation, that the major end energy demand of bintgs
is required. Figure 1 shows the nal energy consumption in still require mainly fossil fuel§ _and the renewable e_qugrl
residential buildings in Germany. 65.9% are required forcgpa Production exceeds the electricity demand of the building by
heating and another 18.1% for the production of hot water. hu far- This discrepancy on the supply and demand side is even
in total more than 80% of the nal energy demand is therma|re|nforced_ due to the very large seasonal di erence betwgen
energy at a relatively low temperature level. The demand dfeém- While PV systems prevalently produce at daytime during
electrical energy for lighting and other appliances accotiots "€ summer month, the largest heat demand occurs during
only 11.8%. th_e winter months. Thus, a simple power t_o heat co_ncept,
A detailed analysis on the performance of European building/ithout a suitable seasonal storage solution, is not suntieo
also comes to the result that in northern European nationdncrease the use of PV power for the heating system. Therefore
around 80% nal energy demand is required for space heatin?ISO typically only 30% of the produced electricity from roof
and domestic hot watersconomidou et al., 20)1And notonly ~ (0P PV-systems is consumed in the building itself. For the
that the heat demand of buildings represents the largestestiar ©Verproduction, mostof the PV installations are connectethe
is also (in general) mainly supplied by the combustion of fossidd (IEA, 2013.

fuels. In the EU 50% of the heating energy in buildings comes AS & consequence large power ows between the households
and the grid occur, which creates problems to the grid

management and causes economic losses for the end user
(Vieira et al., 201) Since the cost of self-produced electricity

is nowadays lower than the retail price of electricity in some
countries (EA, 2013, self-consumption turns out to be the
most pro table option for the system owner. Taking both
aspects together the system owners want to increase their sel
consumption of the PV power while the purchase of fossil fuels

Final energy use in residential buildings in Germany 2016 / Mtoe

34 (4.2%) to satisfy the heat demand, should be reduced. A solution to
this would be a long term storage technology capable to aehiev
11.8%) a seasonal shift of surplus electricity production and the heat

demand of the building. However, none of the existing seasonal
storage technologies addresses this mismatch between sapply a

I space heating demand su ciently.
[ hot water . . .
[ ]cooking The reasons why there is no satisfactorily seasonal energy
[ clectrical appliances and lighting  sauce: covsee ans wuRe Datasase storage system available yet, lie in the generally very high
technological and economical requirements for such a ayste
FIGURE 1 | Final energy use in residential buildings in Germany 2016 Mtoe The requ|red Storage Capac|ty for Space heanng |S Very Iarge

and (percentage share). Graph based on data from th©DYSEE MURE

Database (2015) Depending on the climate zone and the size and insulation

of the building, between 1,500 and 10,000 kM{fa energy
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per year are required QDYSEE MURE Database, 2015 Heat pump systems are available on the market and
Concurrently, the storage system undergoes only one cyc@apable to couple the electricity with the heating sector. [é/hi
per year, thus a total number of 20 cycles over the assumesich a system helps to increase the self-consumption of the
lifetime. Taking into account that the investment in a stgea PV production there is still a large mismatch between the
system generally amortizes by the value of the energy supplietectricity supply and the heat demand. Clearly during the
in every discharge cycle, it becomes clear that a seasoméhter time when the largest heat load occurs only very
storage system only allows for very low cost per stored kWhttle electricity is available from the PV system. Even in
of thermal energy. This is also the reason why electricalggne combination with hot water storages, the total self-consuompt
storages, even if the currently prospected future cost redinst is only extended to 40% of the produced electricity while
to 175 US$/kWh Echmidt O. et al., 20)7are reached, will 60% is still given to the grid Wiliams et al., 201R
not be economically applicable for seasonal storage. Besidesrrent investigated combinations of thermal storages and
these already challenging economic constrains, an additio heat pumps therefore do not achieve the desired seasonal
technological challenge arises since the energy must berpegs  shift su ciently. The same drawback applies for other power
for a period from 2 to 6 month. Under these circumstanceso heat concepts, where simply electric energy is converted
the storage systems energy losses over time clearly need toit® thermal energy and stored in sensible or latent storage
minimal. Struggling with these challenging boundary cdimfis, tanks. A seasonal shift can only be realized in centralized
only a few technologies or concepts exist for seasonal helarge scale storage tanks, but heat losses impede deczedrali
storage, which are in di erent states of development. These aiseasonal storage.
mainly solar thermal collectors in combination with di erén Thermochemical storage systems are generally promising
conventional thermal storage systems, power to gas, arfdr seasonal storage applications. The two distinct attridmai
heat pumps. of high energy densities and the loss free storage principle
Decentralized solar thermal collectors systems, incladin predestine these materials for long term storage tasks. Tdrere
hot water storage system, are readily available on the rharkgis topic is widely researched, but the technology level of
and they have a higher solar to low temperature heat e ciencythe systems is still low. Thermochemical storages can be
than electricity based heating systems. However, in caldcies  distinguished according to the mechanism of the storage
the systems generally cover only up to 35% of the total hegrinciple, which is either a chemical reaction or a sorption
demand of the building. Due to heat losses, long term storaggrocess. In particular the sorption materials, but also some
with hot water is generally not feasible for small scaleesyst chemical reactions of salt hydrates, have been investigate
(e.g., single family building). Centralized large scalasseal the application in seasonal storage systems. Scapino et al.
water storage systems are possible due to the better ratio @fcently summarized the dierent materials as well as their
volume to surface area. Generally they cover up to 50% ofghe h state of technology in a review articl&dapino et al., 201ya
demand Bauer et al., 20)Ppwith higher solar shares possible.In a cost analysis from the same group they concluded that
Several projects with dierent types of large scale seasonalajor drawbacks of the systems are, besides technological
storages are currently in operation or under constructiordan challenges in the reactor development, the storage matariis.
well-summarized in a review article 8f et al. (2014)While the  Prices per kWh of stored thermal energy are still too high
technology is promising under some circumstances, for examplto allow an economic operation of a seasonal storage system
the development of new residential districts, it is also obsi (Scapino etal., 201yb
that it is hardly applicable for retro tting of existing buildgs in To overcome the presented drawbacks of the discussed
densely populated districts. technologies for long term storage in buildings, this paper
The use of renewable power to produce synthetic fuels, qresents a novel technological concept for a decentralizegl lo
gases (e.g., hydrogen) is one promising option regarding longrm storage system. The concept is based on a thermochemical
term storage of energyGerbert et al.,, 2098 The produced reaction which is charged with electrical energy and dedive
gas can be stored easily decentralized in small pressurs,tanthermal energy during the discharge phase. Thus, the system
centralized in already existing gas caverns or even therghs g addresses the actual required shift from surplus elegyricit
Additionally the storage of energy rich gases s in principsgfof in the summer to the heat demand in the winter. The
losses, thus in nitely long term storage periods, with thieese reaction material has two major advantages compared to so
of energy at the time of demand are possible. For the buildinfar analyzed thermochemical storage materials for seasonal
application the synthetic produced gas would just replace thsetorage. First the reaction material cost is 7-8 times lower a
fossil fuel in the conventional boiler system. Even though t second, the discharge reaction can be performed with liquid
approach sounds promising because a lot of the already existingater instead of water vapor which enhances the discharging
infrastructure could be used further, the current drawbsa procedure technically and energetically. This paper outliiees
the power to gas technology are rather low e ciencies over thehe rst time a conceptual process design of this novel storage
whole process chain combined with the requirement of capitalechnology, including a detailed proposal for the thermocieh
intensive apparatuses. Consequently, this technologichinzst reactor. Based on the energy ows and the general demand
is currently assumed to be the most costly way to avoid, COsituation of the building theoretical reachable e ciencjstorage
emission by the replacement of fossil fuels in the heatingpsec densities, as well as required storage sizes for the systems
(Gerbertetal., 2028 are derived.
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NOVEL CONCEPT FOR SEASONAL thermal energy demand based on the abundant reactants CaO
STORAGE IN BUILDINGS and water.

Thermochemical Storage Material _
As discussed in the introduction several thermochemicaConceptual Process Design for Seasonal
materials, mostly salt hydrates and zeolites, are undeStorage System

investigation for seasonal storage purposes. For almost &|gure 2 shows the conceptual process design of the storage
systems currently the material costs are still one majomth@ck system. The system consists of one container for the storage
on the way to market entrance. In contrast metal hydroxidesnaterial, a material transport system, the thermochemieattor
have barely been considered for the application in buildingsand a hot water storage tank. The underlying operation sgywate
One reason for this might be that generally higher reactiorfor charging is: if electricity supply from renewables (ergof
temperatures of more than 200 are required, which impedes top PV or even from the grid at low cost) exceeds the elecyricit
a charging of these systems by non-concentrating solamber demand of the house the storage charging operation starts.
collectors. Nevertheless, some metal hydroxides have piogni  Calcium hydroxide is transferred from the storage containe
characteristics for seasonal storage and, in our novelemnthe  to the reactor unit. The reactor is heated up electrically to
charging procedure is powered by electricity, which easiéyots  temperatures above 450 in order to perform the dehydration
higher charging temperatures. The seasonal storage concefitthe calcium hydroxide. During the dehydration water vapor
presented in this work is therefore based on the thermochemic s freed from the solid material. From our own experience with
reaction of calcium hydroxide (Ca(OH). Ca(OH), decomposes |ab scale reactors we can state that a ne lter mesh a5
under the supply of energy at temperatures above @5  pore size su ciently separates storage material particlesiftoe
calcium oxide (CaO) and water vapor according to the followingeaction gas Cosquillo Mejia et al., 2030Thus, the released
reaction equation: vapor is pure uncontaminated water. The vapor, cools down rst
in the preheater to 10@ and then condenses in a heat exchanger
(HEXZ, Figure 2) to 40-60C. The condensation temperature
CaOCH2O  Ca.OH/; C 1 Hreaction determines the water vapor pressure in the reactor and thus
the reaction temperature. Even at condensation at@@he
The idea of storing energy with the reaction system has beerorresponding vapor pressure is 200 mbar and the corresponding
proposed already decades adgo\in, 1977. If surplus energy equilibrium temperature of the reaction is 430. By this means
(e.g., from renewable sources) is available, the dehpdratf  a charging temperature of 450 in the reactor can be controlled.
the hydroxide to the oxide is carried out (charging phase)e Th 20 Kelvin distance to the equilibrium temperature is reasdea
freed water vapor can easily be separated from the solid kg achieve su ciently fast reaction kinetics. Moreover, the
condensation. The energy is preserved, for an in nite amooint operation principle allows the useful integration of the theima
time, in the form of the chemical potential of the calcium ogid energy, mainly the heat of condensation of the vapor, which
Once energy is required water vapor or liquid water is broughnecessarily occurs during the charging process to chargkdhe
in contact with the calcium oxide again and the exothermalkba water tank of the building. After the energy content of the arat
reaction starts, releasing the energy (discharging phase). has been extracted, the cooled down water can easily be dispose
The reaction system is of particular interest for energyto the sink.
storage purposes since it o ers several advantages. Firstly the The sensible energy of the vapor and the hot storage material
material is available in abundance all over the world and thés exchanged in the preheater to heat up Ca(@Hgfore it
lime production is among the biggest chemical industries irenters the reactor. Please note that we propose a semi consnuo
the world. In the year 2011 330 million tons of lime werebatch process, thus sensible heat of the material is excange
produced worldwide (SGS, 2001 Therefore, the raw material when material batches are exchanged after the reaction was
is generally available at low cost, currently at around 10RE. ~ completed. The preheater can be executed as a gas solid heat
Together with the theoretical energy density of the materiaexchanger. During the reaction the sensible heat of the vafibr w
of 370 kWh/t (A erbach et al., 2017 the systems o ers a be transferred to the next batch of cold storage materiahia t
very cheap energy storage capacity of 0.27 EUR/KWh. Furthereheater. After the reaction is nished a nitrogen ow is applie
advantageous is the reversibility of the reaction which wafor a short time transferring the sensible heat of the mateéna
experimentally demonstrated up to more than 1,000 cyclethe reactor to the fresh Ca(Oklpatch in the preheater.
(Rosemary et al., 19y@nd a fast reaction kineticSchaube The storage phase starts with the transport of the CaO. In
et al., 201p Taking these aspects together and adding, thathe container the CaO can be stored at room temperature, for
the thermochemical storage principal itself is generally fsEe an in nite amount of time, without losing the energy content
losses, the material perfectly ful lls all required crigsifor a  of its chemical potential. To minimize the required volumedan
cost e ective seasonal storage system. However, the appiicatiinvestment cost for the long term storage container we propose
of the material for seasonal storage in buildings has not beeto use only one container for both material states of CaO and
considered yet. Therefore, we developed a technologicakgin Ca(OH),. In atechnical realization, the volume available for each
for decentralized long term energy storage in buildings thamaterial can be adjusted by a movable wall or exible foildies
connects the locally available electricity production frdralocal  the container.
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FIGURE 2 | Conceptual process design for a decentralized, seasonal #frmochemical storage system based on the reaction materiaCalcium Hydroxide.

The idea is further, that the charging procedure is carriechave been made. The required heat exchange surface (A), has
out every time when there is surplus electricity available. F generally the greatestin uence on the reactor cost, thusatsth
instance, during the summer, every day CaO is produced anlde minimized. From that perspective, increasing either thathe
thus the energy content charged into the long term storagé&ansfer coe cient (k), or the temperature di erencel(T) or
continuously increases over the period. This operation ppleci  both, would lead to a smaller required heat exchange surface
allows that the reactor only requires a small power for chaggi Increasing the temperature dierence seems the easiest way,
of around 5-10 kW but at the end of the charging periodbut for chemical reactions the required reaction temperatur
a large amount of thermal energy is stored and available fdimits this measure. For example, the dehydration of Ca(®H)
heating purposes. requires a minimal temperature of 450 (Schmidt M. et al.,

The strategy for discharging in winter is comparable to the2017, under atmosphere pressure, to ensure a su ciently fast
charging: only as soon as the heat demand of the building danneeaction. This means that if the maximum temperature of the
be satis ed by available renewable energy sources, thedomg heat source is 60C, the temperature di erence accounts 150 K.
storage system goes into discharge operation. For the digiciga A further increase of the heat source temperature would lead
procedure, CaO is now transported from the container to theto higher requirements for the reactor steal alloys, whiah i
reactor. In the reactor liquid water, which can be taken fromturn increases costs signi cantly. As a consequence, the powe
the tap is added to the calcium oxide powder. The exothermalensity can only be further increased through an enhanced he
back reaction immediately starts, releasing heatHd0 C. Viaa transfer coe cientk.
second water circuit the released heat of the exothermatima It is well-known that in indirectly heated xed beds the heat
is transferred to the hot water storage tank which in turn suepli transfer coe cient is generally dominated by the low therma
the thermal energy to the building. Ca(OH)s transported conductivity of the reaction material of 0.1 W/mK. Fluidizbed
back to the container and remains there until excess renwvabreactors promise much larger heat transfer coe cients. Hoarev

electricity is available to start over the charging of theemnial. the uidization of the material also requires large gas vokum
ows, which reduces the energy e ciency of the storage praces
Reactor Development Furthermore, additional devices are required to separate th

As already mentioned a seasonal storage system must WEdizing gas from the particles making this concept rather
extremely cheap in order to amortize over the total low cycideasible for industrial applications than small scale decdized
numbers. For the presented concept, the cost of the storag¥Stems in buildings. One concluding design criteria wasttiea
material even for large capacities is almost neglectable. Ti§yStem should be operated with basic industrial grade CagOH)
reactor thus causes the main investment cost. We thereforech  Industrial grade material is generally a very ne powder with
to develop a compact reactor design with a high power density. |2 mean particle diameter of rim. A reactor which can be
order to achieve these goals, assumptions based on the @mnit OPerated with the Ca(OH)CaO powder has the advantage that
of the thermal power of the reactor by the equat@D k A 1T N0 material modi cations, like pelletizing or addition of ow
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improving additives is required. The material hence remaims typically be in the range of 1-3% from the energy content of the
it's natural form and by this approach the intrinsic advantage transported material.
availability in large scale at low cost is preserved. The reactor has an outer diameter of 0.35m and a length
Based on these considerations we developed a new reactdr0.3 m. The heat exchange surface of the inner shell acsount
concept with the aim of reaching a very high heat transfe0.26 nf, and the volume 20l. According to literature in
coe cient but with only minimal increase of the reactor mechanically uidized beds heat transfer coe cients of 300
complexity. The main approach was to mechanically miXV/m2K can be reached. Taken together with the temperature
the powder material in the reactor. This should change thali erence of 150K a heat exchange surface of 0.22vould be
dominating heat transfer mechanism from thermal conduntio required for a thermal power of 10 kW, which is the target power
through a xed patrticle bed to heat transfer which is domirdite required for a single family building. From this dimensions i
by contact between the single particles and the heat exchangecomes clear that the reactor is compact and volume wise would
surface. An additional constraint of our system is that theeasily tinto existing technical rooms in the building. Hawer,
same heat exchange surface should be used for the electridahe theoretically power density will be reached still neexlbe
charging procedure as well as the thermal discharge procedurgroven experimentally, which is currently in preparation.
again in order to minimize complexity and required surfaces f
heat exchange. Energy Balance and Theoretical Ef ciency
Figure 3 shows the nal design of the developed reactor.In order to assess the possible e ciency of the system it is
The general idea was to adapt the plow share mixer concepssential to have a closer look on the mass and energy ows
known from mixing processes in the chemical industry, to buildduring the processrigure 4 shows the energy ows during the
a compact thermochemical energy storage reactor. Through ttcharging procedure. The arrows on the left side represent the
inlet ange the storage material falls freely into the réact speci c amount of energy required to heat up the Ca(QHpm
chamber. There the plow shares rotate at adjustable rotatioR0 to 500C (47.3 kJ/mataoH)2) and to the enthalpy of reaction
speeds creating a so called mechanically assisted uideeéddy [104.4 kJ/mataon)2]. On the right side the energy ows out of
this means, the particles are intensively mixed and everygbart the reactor are presented. The blue arrow symbolizes therwate
comes immediately in direct contact with the heat exchang&apor which leaves the reactor. The vapor contains sensibte hea
surface (the surrounding casing). The casing pipe is bagiaall (18.1 kJ/mal20) for cooling down from 500 to 10@. The larger
double walled tube heat exchanger (comp@igure 3), because part, 40.6 kJ/m@l2o is the enthalpy of condensation which is
it serves for two di erent functions. For the charging procéiss  released during condensation at a constant temperature. dhe h
outer shell is heated up to 600 with electrical heating wires CaO coming out of the reactor contains 87 kJ/xg of which
delivering the required energy for the dehydration reactio 22 kJ/motao is sensible heat of the cooling from 500 to 20
For the discharging process liquid water is injected throagh and 65 kJ/mat,o are preserved as the chemical potential of the
spray nozzle situated in the material inlet ange. The ne spra calcium oxide.
of water together with the rotating plow shares helps to equall  The presented energy balance reveals that during the chaargin
distribute the water in the reaction chamber Please notat th procedure energy ows of three dierent natures occur: the
the discharging process with liquid water is di erent to thellwe sensible heat of the mass ows, the heat of condensation of the
published investigations on the reaction with a certain vapowapor and the chemical potential of the CaO. Only the chemical
partial pressure. CaO also reacts with water in liquid stat® anpotential can be stored seasonally and the sensible and latent
vapor is not necessarily required. Still it might be the cdset t thermal energy must be directly integrated in order to reach
due to the heat release some water drops evaporate creatingeasonable storage e ciency.
fog like atmosphere in the reactor. Maximum the amount of To meet this requirement, as pointed out Figure 4, part
water which can be uptaken by the CaO is added thus after thef the sensible heat of the water vapor and the CaO (together
completed reaction only ne powder of Ca(Oblis again present 40.1 kJ/mol) is directly recuperated for the preheating of the
in the reactor. The heat released by the exothermal reaésion hydroxide. Heating up the hydroxide from 20 to 5@demands
taken up, by a heat transfer uid ow, which can be adjusted47.3 kJ/mataon)2- The recuperation thus reduces the required
inside the shell of the reactor. By adjusting the water itijecfor ~ energy for heating up the hydroxide to 7.2 kJ/iggbn)2
the reaction, and the volume ow of the heat transfer uid,egh (compare Figure 4). Adding the reaction enthalpy of 104.4
temperature in the reactor can be controlled. This new disgea kJ/mol caon)2 the total energy, supplied electrically, accounts
operation principle will experimentally be analyzed, regardingl11.6 kJ/m@aon)2. The remaining 46.6 kJ/m@bo sensible
the controllability of the process temperature, inupcomingks and latent heat of the water vapor could be used for the
with this reactor. domestic hot water production (compargigure 2), which is
The material outlet is located at the bottom of the reactoralso required during the summer time. And nally 65 kJ/nagb
and equipped with a slidable lock. The lock slides down once thare charged into the long term storage. If we relate now the
material has completely reacted and a vacuum conveyingrsysteoutput energy ows to the energy input of 111.6 kJ/mgbn)2,
removes the material out of the reaction chamber. Vacuunpresuming ideal recuperation, the numbers reveal thd2% of
conveyers can easily handle the small powder particles aride electrical energy is converted into thermal energy ¢gde
have a low energetic expense. The required auxiliary energyd latent) and 58% into chemical potential. Or expressed in
for the conveyer depends on the transport length and willenergy quantities, the system converts 1 kWh of availableirét
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HTF inlet Ca0/ Ca(OH),

materialinlet
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to motor wires
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temperature probe

rotating plough
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slidable material
lock
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Ca0/ Ca(OH),
material outlet

connectionto
vacuumconveyer

FIGURE 3 | Thermochemical storage reactor for electrical charging ahthermal discharge with liquid water.

Direct use of thermal energy (hot water)

40.6 kJ/mol -
Hy0(g)- H2O,

6 kJ/mol — HzO(“
(100°C — 45°C)

Reactor

surplus
g Ca(OH),->

---------- | cao+H,04

Long term storage

87 kJ/mol —

| 65 kl/mol - CaO |
Ca0(500°C)

18.1 ki/mol - H,0( 22 kl/mol - CaO
(500°C - 100°C) (500°C — 20°C)

Direct recuperation for preheating of Ca(OH),

FIGURE 4 | Energy ows during the dehydration of Ca(OH) to CaO and water vapor.

energy in 0.42 kWh directly usable thermal energy and 0.58 kWratio de nes a crucial characteristic of the storage sydbecause
seasonally stored energy. So far this is an ideal considerat the values are xed and determined by the properties of the
neglecting conversion and heat exchange losses. Newesth#dte involved reactants. The values describe the intrinsic maxi
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which can be reached with the reaction system and the twaggner the real e ciencies need to be validated experimentally and
ows obtained during the charging process can be described bgre presumably lower. In particular a heat exchanger e ciency

the following equations: of 95% is rather top end, but a recent study showed that if
the heat exchanger is particularly designed for the application
Odirect thermal energyD  0-42 Pelectrical (1) 95% regeneration e ciency can be reachedogtukov et al.,
Olong term storagd® 0-58 Pelectrical (2) 2019. Moreover, the real e ciency of the heat exchangers and
the reactor are not known yet and the purpose of this rst
Overall Storage Ef ciency Including Heat Exchanger theoretical analysis is to determine the theoretical potdmf
Losses the system. Also it revealed the fundamental operation ppieci

For this rst potential analysis it is reasonable to neglecivhich should be applied in models for more detailed systems
the conversion e ciency from the electrical input to thermal simulation studies. The e ciency value serves as a basétine
energy because the conversion e ciency of electrical heat evaluate the quality of a laboratory system, which we aresctly
potentially close to 100%. The chemical stored energy in thringing in operation.
CaO (ong term storagedlt ambient temperature is also free of losses  Beyond that, the analysis reveals an e ect that has a severe
over time. Preliminary studies with the reaction showeditth@ in uence on the e ciency of the storage system in the real
reaction kinetics at a temperature above 45@ fastand willnot  application: The question how much of the thermal energy
limit the charging process. occurring during the charging phase can really directly beluse
Energy losses which will play a considerable role in the reahe building. The e ecton the e ciency is analyzed more degall
system are losses due to the heat exchange and integrationsf a case study in chapter 2.4, taking basic assumptions of the
the sensible and latent heat ows during the charging processieat demand of the building into account.
One heat exchanger (HEXEjgure 2) is required for the direct
integration of the heat of condensation for the hot waterStorage Density
production. To account for these losses Equation 1 needs to lom the energy balance performed in performed in the previous
multiplied with an e ciency factor for the heat exchangedexi1).  section it was calculated that the 65 kJ/mol are preserveden th
The useful thermal energy of the storage system is the sum lfng term storage. For this part of the energy it can be assumed
the energy preserved in the long term storage plus the energlgat it can completely be used for space heating during the
directly used for the domestic hot water production duringwinter time. This is because it is stored free of thermal dgss
charging operation. Including the heat exchanger e ciencyan  and it will only be released when there is a heat demand in the
be ascribed as: building. Additionally since the reaction is triggered bydid
water from the tap no additional thermal energy is required
Quseful energy® Jdirect thermal energy  HEX1 C Ciong term storagd3) during the discharge operation. The value from the energy

Heat exchange is also required for the recuperation of thgalance can be con rmed by calculating the theoretical afyiy

sensible heat of the reactantpebuperaionD 40.1kJEmol, outlet of th.e back reaction by the standgrd enthalple§ of formatrom
. the involved reactants (enthalpies of formation and refesm

of reactor) for the preheating of the Ca(OH)dyreneating D iven inTable 1:

47.7 kJFFmolca ony2, inlet of reactor). The amount of energy 9 ’

recuperated will be lowered due the e ciency of the heat KJ
exchanger for recuperation (ecyperator)- The di erence of the 1 HroeactionD 1 H(O:aowz HgaOC 1 Hﬂzo D 65,1
energy recuperated to the energy required for the preheating a molcao

well as the enthalpy of the reaction is supplied by the electric
heaters. The input of electrical energy in the system is fbeze
ascribed as:

aIlhis value thus is also xed by the involved reactants ands
the storage density of the long term storage part which can also
be related to the mass of the CaO by:

Peletrical D 1 }P{eaction

i 1HY i kJ kwh
C Opreheating  Crecuperation  recuperator (4) gravimetri¢ Ca0 D Mr(e:z:;mn D 1162.5kg:ao D 0.323 %e0

For the heat exchangers an e ciency of 95%{cyperation D

Hext D 0.95) is assumed. The theoretical overall e ciency of
the storage system can now be calculated by relating thelusefag e 1 | Characteristic values of the reaction system.
thermal energy output to the required input of electrical emer

thus the quotient of Equations 3 and 4: Hea on, kI/molcaorye  986.09 Barin, 1995
H.o kd/molcao 635.09 Barin, 1995

Quseful energy, Hio kd/molizo 285.83 Barin, 1995

"storaged — =D 0.96 () Mewo kg/molcao 0.056 Barin, 1995

Peterical Mcaor), kg/molcaon)z ~ 0.074  Barin, 1995

An overall e ciency of the storage system of 96% could be buik densiy, loose caor), kgcaomdm® 540 Singelton Birch, n.d.
reached. It is clear that this is rather an idealized maxin@dlie,  buk densiycompressed caoH), Kdcaormm® 880  Cosquillo Mejia et al., 2020
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The gravimetric energy density is related to CaO and thé,gmina D 0.96), the maximum amount of electrical energy
exothermal reaction with liquid water. By this value the sas which can be incorporated into the storage system every day ca
required for a certain amount of thermal energy in the longite  be calculated by transposing Equation 7 to:

storage can be determined. However, to determine the reguir

volume of the storage system, the volumetric energy density Qhot water daily

the determining factor. The volumetric energy density neéal Pelectricatialy nominal D ("nominal _0.58) D Qnot water caity 2-63(8)

be related to Ca(OH)because the hydroxide material has the

lower density. And it is clear that after the winter discharg The calculation reveals, that for the nominal operation mode
phase, all oxide is converted into hydroxide, which needstto the daily maximum amount of electrical energy is limited t62
into the storage container. Furthermore, for the deterntioa  times the daily hot water demand of the building. Please note,
of the_z volumetric energy d_en3|ty it is important to take thelbou 14t |0sses due to the heat exchangersk: and
density of the hydroxide into account. The bulk of the non-
compressed powder material has very a high porosity of 0. : P : : ]

eading ta bk densiy of 540 kol Slightcompressing of Cadered S equaton by ety 096,
the powder material before storage could decrease the pprosfhaximum energy storage capacity which is charged into thg lon

to 0.6 which would result in a hlgher bulk denSity of 880term storage per daﬂong term chargediaily) is limited and can be
kg/me. The volumetric energy density can thus be calculated te|culated by applying Equation 2:

a possible range according to the achievable bulk densityngur
the storage phase:

- ) - ; recuperatio.al
s described in section Thermochemical Storage Material, ar

CIong term chargediaily D Pelectrica\Idaily nominal 0-58D Qnot water daily 15 (9)

1HS . . . .
volumetri¢ Ca OH/, D MLM‘ bulk densityloosecompressed GaH/, A second operat|on strategy IS, that the storage charglng
CAOH) continues as long as excess electricity is available, ébg i
D 132 215 knvih domestic hot water demand is already satis ed. This meaas th

excess thermal energy during the charging process needs to be

With the calculated energy density the required storageaioer ~ '€jected to the ambient. Consequently part of the energyss lo
volume can be estimated related to the (winter periods) hegind the overall storage e ciency decreases. The cohereacbe

demand of the building. seenin Equation 8. When the daily hot water demand is constant
but the electrical energy increases to more than the nominal
Estimated System Design for Application amount of electrical energy (or in other words more than 2.63
in Single Family Buildings times the daily hot water demand), the overall storage entig
Operation Modes decreases. However, even though the overall e ciency deag,

As already discussed the integration of the thermal energghe operation mode allows the integrat@on of more electri_cal
released during the charging process has a severe impact on &9y and thus also enables the charging of larger capdcity o
e ciency of the storage system. Therefore, we will discuse no thérmal energy into the long term storage. In order to better
di erent operation strategies of the system taking some basitnderstand the impact of these operation modes we present
boundary conditions for the domestic hot water and space hed}PW concrete numbers for di erent energy demand scenarios of
demand of the building into account. the building.

A rst operation strategy is that the storage system is onlyS stem Design Related to the Buildings Energy
charged as long as the thermal energy released during t emand—Case Study

charging process is required for the daily domestic hot wateﬁ_he case study is based on simplied assumptions for the

production. The hot water demandot water daily) S constant c{ki]uildings demand. However, the numbers provide a rst idea of

every day of the year, and mainly depends on the number e capabilities of the system. According to a study from Fegn
occupants in the building. Based on this assumption, the tliyec Ft al. the daily domestic hot water demand for a household

used thermal energy per day (kwWh) can be set equal with thg da|With 3 persons can be estimated withl0 kWh/day Euentes

hotwater demand: et al., 2018 Applying this value in Equation 8 and Equation
(6) 9 the maximum daily electrical charging energy as well as the

maximum thermal energy charged into the long term storage ca
Implementing Equation 6 and Equation 2 in Equation 5 thebe calculated.

Quirect thermal energy HEX1 D Qnot water daily

e ciency can be ascribed as: Figure 5 shows the amounts of energy for the dierent
operation modes. For the nominal operation mode the eledtrica
" StorageD Quirect thermal energy HEX1 C Qlong term storage energy which can be.charged into Fhe .storage_ system mgst be
Pelectrical limited to 26.3 kWh's in order to maintain the highest possibl
Qnot water daily C 0.58 Pejectricatiaily e ciency of 96%. The energy amount corresponds to 2.6 full
D (") load hours of a 10 K\Weak PV Installation. A 10 kWeakSystems

Pelectricatiail
Y demands 80 m2 rooftop surface, and represent a reasonable

If the system should be operated at the maximum possibleize for installations in Germany. The amount of thermal igyye
e ciency of 96% (called now nominal operation mode with charged into the long term storage is limited to 15.25 kWh's
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renewable electricity is available at 100 to 180 days dutieg
summer. For the second operation mode the daily energy amount
in the long term storage increases to 22.88 or 30.51 kWh's,
at an eciency of 83 or 77%. Accordingly the total charged
thermal energy will be 4,118-5,491 kWh's after 180 charging
days. From the values, the general characteristic of thegto
system becomes evident. If a high storage e ciency should be
maintained the charged capacity in the long term storage is
limited, and depends on the energy demand for hot water. Lrarge
amounts of energy can be charged into the storage, but orily wi
the price of lower storage e ciency.

Implications for the Capability of the Storage System
According to energy regulations for new buildings in Gerrgan
the space heat demand for buildings constructed after 2009 is
supposed to lie in the range of 15 kWh/m2a (passive house
standard) and 90 kWh/m2a. While the average space heat
demand for newly build houses in 2015 accounted 44 kWh/m?2a
(ODYSEE MURE Database, 201Assuming a 100 m2 living

FIGURE 5 | Daily energy amounts for losses, hot water production, ancbhg space, the annual space heat demand thus would account 1,500
term storage charging for different amounts of total used ektrical charging kWh's for the passive standard house to 4,400 kWh's for an
energy. average modern building. Relating the space heat demand to our

calculated stored thermal energy for the di erent scenarias
can see a generally good coherence. While the system opetated a
the highest e ciency of 96% and only 100 available chargiags]
per day. Simultaneously 10 kWh's of thermal energy, whiclthe stored capacity would be su cient to cover the whole space
occurs during the charging process, are used for the hot watéreat demand of the most energy e cient building. Operating
production. Another 1.05 kWh's represent thermal losses due tthe system at a lower e ciency of 77% and assuming 180
heat exchange. charging days, the stored energy capacity would approximately
For the second operation mode it is assumed that 1.5 ande su cient to cover the heat demand of an average modern
2 times more electrical energy than in the nominal operatiorbuilding. Taking the energy density for compressed powder,
mode is used to charge the storage system. Thus, in totab 39.dalculated in 2.3 into account, the required storage volsivary
and 52.6 kWhs electrical energy, corresponding to 4 and 5.Between "7 and 25.5%for the analyzed cases.
full load hours of the PV system, are used for storage chgrgin In addition to the storage material also water to perform
(compareFigure 5. As mentioned, this means that the chargingthe exothermal back reaction is required. Based on the molar
continues even though the hot water demand of the building isnasses given iffable 1, the amount of water required per
already satis ed and excess thermal energy needs to baegjeckWh thermal energy can be calculated tol kguate/kWh
to the ambient. The e ect of this operation mode can be seen bience for the calculated energy storage capacity, the redjuir
comparing the di erent shares of energy Figure 5 While the amount of water for the whole heating period corresponds
hot water demand remains constant at 10 kWh's per day for everp 1,525-5,491 kguer of 1.5-5.5 m. For comparison, the
case, the total amount of energy charged in the long termesfer annual water consumption of one person accounts 463 m
increases with increased electrical input, but it's shaneaies at in average. The numbers show that the amount of water
58%. As previously mentioned this is an intrinsic value due taequired for the reaction can be taken from the tap, since it
the nature of the reactants. The remaining di erence betwien would increase the overall water consumption of a four person
energy in the long term storage and the amount for hot watehousehold by only 3%. Taking water from the tap also has the
production are energy losses. The losses in the gure repteseadvantage that the water which is freed during the charging
the sum of heat exchanger losses and excess thermal engally wiprocedure must not be stored and can be disposed to the
needs to be rejected to the ambient. It can be seen that withouseholds sink.
increasing operation hours, the share of these losses seseand One important point which has been neglected in this
hence the e ciency of the storage system drops to 0.83 and 0.77st estimation is the impact of intermittency of the availeb
for the representative operation examples. renewable power on the systems e ciency. In general the gyste
To calculate the total energy capacity charged into the longill be able to react quickly on uctuating power by adjustingeth
term storage over the whole summer period, the values fomass ow (input) of the reactants in the designed power range
the daily energy charged into the long term storage, given iof the reactor (e.g., 1-10 kW). It is only important, that dugi
Figure 5, can be multiplied with the amount of charging days. Forthe charging time no longer periods of really zero electrical
the nominal operation mode the total charged storage capacityower occur, since this would cause a complete cool down of
would account 1,525 to 2,745 kWh's, assuming that the reguir the whole system. The more often the reactor has to be heated
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up in relation to the operating hours the more the losses due td2% of the energy input is converted into sensible and latent
the heat up phase (of the reactor steel mass) could impact thihermal energy of the reactants and needs to be used directly
overall e ciency. A detailed system simulation analysis eagth  during the charging period. The derived equations serve as th
an hourly (or even higher) resolution, taking available thea basis for more detailed yearly simulations of the operatibtihe
data into account is therefore required to evaluate this intpa storage system in buildings.
Additionally it is currently under investigation how model  Taking the general characteristic of the storage concept
predictive control algorithms based on the weather foreeakt into account two di erent generic operation principles have
help planning the operation of the reactor on the next day andeen identi ed and analyzed. In the rst operation mode, the
thus minimize these losses. charging is only carried out, as long as the waste heat can
Summarizing the estimations it becomes clear, that thée used to satisfy the hot water demand of the building.
e ciency as well as the required storage size cannot be dtatéWith this operation mode the storage system can be operated
in general. A detailed yearly simulation taking the building with the highest e ciency of 96% but the energy capacity
heat demand and the availability of renewable electricity i available in the storage after the charging period is limited
an hourly resolution into account is required. SimulationsNevertheless, the results, based on simpli ed assumptions of
of this kind are currently ongoing and will allow more the buildings demand and supply characteristics, showed that
robust predictions on the storage system design. It is alspotentially 1,525 kWh's thermal energy could be stored which
clear that ideally the storage system, as well as the PWould be sucient to cover a large part of the space heat
installation should be sized in dependence of each othatemand of an energy e cient modern single family buildings.
applying an economic optimization. However, the presented’he presented operation principle is generally novel, because
considerations show that the system is capable to achieve ttiee charging of the storage is adapted to the buildings heat
conversion and seasonal storage of renewable electricity emand during the summer time. While in contrast to that
heat with potentially high storage e ciencies and at accefgab the so far discussed seasonal storage systems are alwgys onl
storage sizes. charged with excess solar thermal energy once the heat déman
In order to verify the elaborated promising theoretical of the building is already satis ed. The proposed principal has
performance of the storage system experimentally and tthus the advantage that all heat ows, during charging as well
demonstrate the technological feasibility of the concegully  as discharging, are usefully integrated to supply the buikling
functional pilot plant has been developed and is currentlyenergy demand. This is one reason, why for a seasonal storage

brought into operation at our institute. system comparably very high thermal storage e ciency can
be reached.

A second operation mode allows the continuation of the

CONCLUSIONS charging process as long as excess electricity is availadate e

if excess thermal energy needs to be rejected to the ambient.
This paper presents the development of a novel concept whichhis operation would enable to design the PV and the storage
couples the power and heat sector by a cost and energystem in accordance that the stored thermal energy after th
e cient long term storage system. The concept is based orharging period is su cient to cover the whole heat demand
the thermochemical reaction of calcium hydroxide to cafhgiu during the winter time. The system thus would be capable of
oxide and water vapor, which yet has never been considered ashieving 100% autarkic coverage of the heat demand over the
seasonal storage for buildings. In contrast to previouslygresl ~ whole year, but supposable only with the price of a lower overall
seasonal storage concepts not solar thermal energy but edslew storage e ciency.
electricity is used to charge the storage system. Even thealgr It can be summarized that the thermochemical reaction
thermal collectors have a higher solar to low temperaturertta¢ ~ system of Ca(OH)2 is a suitable storage material for sedsona
energy e ciency than heating systems based on solar etgttyi energy storage because it is very cheap, abundantly aeailabl
the approach has promising advantages. The electricity bas#te chemical potential is stored free of losses and it oers
principal in general allows higher reaction temperatures and storage density of 132-215 kWhImThe results of this
thus higher energy densities of the reactive materials. B\age  study show that the storage concept is capable to achieve
in our concept the discharge reaction can be performed witlihe favorable seasonal shift from renewable electricity to
liquid water which directly supersedes the preparation of wateheat demand in the winter which represents the actual
vapor, for the discharging reaction during the winter time—supply and demand situation in the building. Moreover, the
an intrinsic energy loss, for all of previously reported season system could help to reduce stresses to the local electrical
thermochemical storage systems. Last mentioned also ditere grids and increase the share of renewables in the heating
sources of renewables, for example overproduction periods skctor, thus reducing COemissions. Upcoming works will
wind farms, could be balanced with the storage system, supplyinnclude the experimental validation of the storage system
much needed grid stabilization. performance with a pilot plant which is currently in operation

A generic energy balance of the charging process revealed anour institute. Additionally more detailed simulation sties

important characteristic of the thermochemical storageeys on the application of the storage system in residential
At maximum 58% of the electrical energy input is converteadint buildings are required to conrm its potential for di erent
chemical potential and can be stored seasonally. The renwini use cases.
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