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Abstract: The storage of industrial waste heat through thermochemical energy storage (TCES) shows
high potential to reduce the dependency on fossil fuels. In this paper the capital cost investment of a
TCES system utilizing fluidized bed reactors and the reaction system MgO/Mg(OH)2 is estimated
and a profitability analysis is performed. The study estimate is based on a simulation study that
considers the mass and energy balance of the proposed preliminary heat storage and release processes
utilizing fluidized bed reactors. Furthermore, transport, operation and maintenance as well as utility
costs were estimated in order to evaluate the profitability of the system. It is concluded that for the
selected boundary conditions, the specific investment costs per kW stored heat are approximately
900e/kW and that the systems should not be installed at sites where less than around 5 MW of
waste heat are available. Finally, a sensitivity analysis was conducted, to identify the key process and
economic parameters critical for a positive net present value.

Keywords: thermochemical energy storage; waste heat recovery; economic analysis; capital
cost estimation

1. Introduction

Industrial waste heat recovery is considered as an efficient method to counteract against the ever
increasing energy demand and also to reduce the carbon footprint [1]. In many processes, heat is
produced as a by-product that is not required on site. An example where high heat recovery potential
exists, are gas compressor stations. These facilities are used to maintain the gas pressure in natural gas
pipelines. Typically they are placed every 100–200 km along the pipeline and consist of a gas turbine
that is fuelled by a portion of the transported gas stream driving a gas compressor [2]. The temperature
of the arising exhaust gases is above 645 K. The available waste heat in the USA is estimated to
be on average 610 TJ/day, which has the potential to avoid emissions of 47.000 metric tonnes of
CO2 − eq/day, [3].

Through thermochemical energy storage (TCES) the decentralized produced heat can be stored by
means of reversible chemical reactions and transported to sites with heat demand. In the schematically
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illustrated TCES concept of Figure 1, the heat is stored and released by means of reversible gas-solid
reaction systems of the type:

νA A(s) + ∆HR ⇀↽ νB B(s) + νC C(g). (1)

During the charging process, the heat is stored in terms of an endothermic reaction, releasing
the gaseous reactant. The thermochemical material (TCM) is subsequently transported or stored on
site. Discharge occurs when the gaseous reaction partner is fed to the TCM, triggering the exothermic
reaction and releasing the stored heat.

Figure 1. Scheme a thermochemical energy storage concept based on reversible gas-solid reactions.

Amongst the existing thermal energy storage (TES) technologies [4–6], only TCES is site
independent. It also enables storage at ambient temperature, which leads to a nearly loss-free storage
process. Furthermore it shows higher gravimetric and volumetric energy density compared to latent
or sensible heat storage systems [7–13].

A lot of effort has been put into the characterization and improvement of metal oxide/hydroxide
systems [14–19] as well as the process integration and application of TCES-systems [20–26]. Also, the
reaction kinetics which are important for the precise modelling of reactors [27,28] have been identified
for various materials [18,29–32].

An essential problem that has not been addressed in literature elaborately is the capital cost
estimation and economic feasibility of TCES-concepts. In general, accurately estimating any investment
of new plants is a great challenge due to the lack of comparable data. Yet it is possible to perform
a study estimate based on a process design with a mass and energy balance and equipment sizing.
In this work a TCES-process, utilizing fluidized bed reactors and the reaction system MgO/Mg(OH)2

for waste heat recovery of a gas compressor station is proposed. The total capital investment based
on the overall factor method of Lang [33], and the operating expenses and earnings, are calculated.
In order to determine, if the investment is profitable, the net present value (NPV) of the proposed plant
is calculated. Also a sensitivity analysis by varying key process parameters is performed to evaluate
the effect of fluctuating values on the process and to determine the minimum requirements that yield a
positive NPV.
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2. System Description

The reaction system MgO/Mg(OH)2 was chosen for the study as it is well established and often
considered for TCES-applications. The materials are available as intermediate size particles (Geldart
AB or B). The reaction shows good reversibility at ambient pressure and a theoretical storage capacity
of 380 kWhm−3. Furthermore the materials are widely available at a competitive price. On the other
hand the reactivity of the reaction is low and the materials show low thermal conductivity [9].

From the different available continuous reactor types for gas-solid reactions [34], fluidized bed
reactors (FBR) were selected for this application, because they offer constant temperature distribution
in the bed, high heat and mass transfer rates and are capable of handling large material flows [35].

The proposed heat storage and release plants are illustrated in Figures 2 and 3 respectively.
The waste heat from the gas compressor stations is transferred into the heat storage reactor via
the internal heat exchanger tubes. The feeders ensure the continuous operation, by supplying and
removing TCM from the reactors from and to the storage bins. The particle residence time is adjusted
by the particle feed rate and the role of the bins is to ascertain the independent plant operation for a
defined period of time, thus decoupling supply and demand. The reactors are dimensioned so that
they can store 5.5 MW operating at atmospheric conditions. The temperature of the waste heat is
assumed to be 450 ◦C.

Figure 2. Scheme of a dehydration process for thermochemical energy storage.

The main difference between the heat storage and release plant, is that in the storage plant,
the water content of the fluidization gas has to be removed from the inert gas stream in order for the
dehydration reaction to occur under advantageous kinetic conditions. The sensible heat from the
stream is recovered in the heat exchanger and the water is subsequently removed in the condenser.
A recuperator is not required in the heat release plant because it is not required to remove any
components from the fluidization gas. The steam portion that is absorbed by the reaction is replenished
by the injection of the on-site available steam.

Flegkas et al. [28] discussed extensively the impact of the availability of steam on the heat
release site. It is concluded that it plays a major role for the overall feasibility of TCES systems. Due to
the reaction enthalpy range of the TCM, it is not profitable to use the released heat for the supply
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of the the required steam mass flow in order to uphold the exothermic reaction for the reaction
system MgO/Mg(OH)2. Hence, without an external steam supply, TCES systems would be rendered
inefficient and uneconomical. Therefore it is assumed that steam is available on the heat release site
and that no additional charges occur for its usage. This would also be the case in technological sectors
where low grade heat, sufficient for the supply of steam arises, hence enabling the implementation of a
thermochemical heat pump system.

Figure 3. Scheme of a hydration process for thermochemical energy storage.

3. Economic Analysis

3.1. Capital Cost Estimation

The total capital investment estimation is based on a preliminary process design, hence the
method initially developed by Lang [33] was used for the assessment. This method requires a complete
process design with solved mass and energy balances, as well as estimations about the size of the
equipment and yields the total capital investment.

The free on board (f.o.b.) purchase costs CP of the most widely used process equipment, required
for the calculation of the total capital investment, can be extracted from a plethora of published
literature [33,36,37], either from a graph or by an equation that requires a size parameter S for each
component. These values have to be adjusted to the current date, by the ratio of the latest cost index Ic

(for May 2017, Ic = 567.3, [38]) to the cost index of the year in which the cost equation was published
IBase. The sum of the updated purchased costs, multiplied by 1.05 to account for the delivery of the
equipment, amounts to the total f. o. b. costs.

In order to obtain the total capital investment CTCI , including an estimate of the working capital
at 15% of the purchased equipment costs, an appropriate Lang factor fL must be taken into account.
This factor takes into account additional direct and indirect costs like the installation of the equipment,
piping, instrumentation and engineering as well as construction expenses. The recommended Lang
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factor according to Peters et al. [37] for solid processing plants is 4.67. Additionally site dependent
costs have to be included in the calculation. For Western Europe, the investment site factors FISF is
1.2 [33]. The capital investment must also consider the costs of the initially acquired thermochemical
material CTCM. The material mass results from the the volume of the TCM storage bins. Finally the
total capital investment amounts to:

CTCI = 1.05 fL FISF ∑
i

(
Ic,i

IBase,i

)
CP,i + CTCM. (2)

The error in a cost estimate is determined by the degree of design detail. In the presented study, based
on the available knowledge about the utilized equipment, the probable accuracy of the estimates is up
to ± 30 %.

3.2. Component Design

Reactor

No capital cost estimations of atmospheric operating fluidized bed reactors are available in
literature. Nonetheless the component costs can be calculated as in the case of a pressure vessel since it
operates under similar heat and atmospheric conditions [36]. The relevant size parameters for this
component is the reactor volume as well as the total reactor mass. In this application the bed volume,
heat exchanger volume and the freeboard need to be taken into account. The operating temperature of
the storage and release reactor is 330 ◦C and 130 ◦C respectively, in order to provide favourable kinetic
conditions for the reactions.

In order to determine the volume of the reactor VR, the absorbed or released heat flow Q̇ defines
the required solid material stream ṁs:

Q̇ = ∆HR ṁs. (3)

The particle residence time τp yields the particle mass MTCM inside the reactor:

MTCM = τp ṁs. (4)

The required residence time for full conversion is ruled by the kinetics of the reaction. A detailed
description of its calculation in FBR, regarding the particle residence time distribution is provided by
Flegkas et al. [28].

The bed volume Vbed can be obtained through the particle bulk density ρbulk:

VBed =
MTCM
ρbulk

. (5)

Additionally the volume of the in bed heat exchanger VHEX has to be taken into account in order
to yield the total volume of the storage reactor. The heat transfer area of the in bed heat exchanger
AIB−HEX is calculated with:

Q̇ = kIB−HEX AIB−HEX ∆θm,IB−HEX , (6)

where ∆θm,IB−HEX is the the mean temperature difference between the heat transfer fluid and
the reactor bed. Typical values for the heat transfer coefficient kIB−HEX in fluidised bed reactors
lie between 200–400 W/m2K [35]. Since no cost function for in-bed heat exchangers is available in
literature, a correlation for shell-and-tube heat exchangers, provided by Reference [33] is used.

The freeboard over the bed is assumed to amount to 50 % of the bed and in-bed heat exchanger
volume. Finally, the total volume of the reactor is given by:

VR = 1.5 (Vbed + VIB−HEX). (7)
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Assuming a carbon steel cylindrical reactor with an inner diameter of 5 m and a wall thickness of
20 mm, geometrical calculations yield the reactor mass MR.

Filters, Heat Exchangers and Blowers

The reactor size as well as the TCM properties determine the required gas stream through
the minimum fluidization velocity umin, f l . The correlation proposed by Wen et al. [39] is used for
its calculation:

umin, f l =
µ

ρg dp
(
√

33.72 + 0.0408 Ar − 33.7), (8)

where dp is the diameter of the particles, Ar the Archimedes number, µ the dynamic viscosity and ρg

the density of the fluidization gas respectively. If the reactor cross-section ACS is given, it returns the
required gas mas stream ṁg, which is the size factor of the filters, the heat exchangers and blowers.
For this study it is assumed that the reactors operate at twice the minimum fluidization velocity,
in order to ensure a bubbling bed without increasing the auxiliary energy required for the fluidization
gas blowers.

ṁg = 2 ρg umin, f l ACS. (9)

The fluidization velocity and subsequently the gas bubbles inside the reactor bed, have an impact
on the mixing conditions, temperature uniformity and in-bed heat transfer coefficients. In general
higher fluidization velocities amplify these phenomena [28].

The heat transfer area AHEX of the heat exchanger and condenser is determined according
to Equation (6). Typical values for the heat transfer coefficient kHEX of gas-gas (pressure ≈ 1 bar)
shell-and-tube heat exchangers lie between 5–35 W/m2K and for liquid-gas condensers between
15–70 W/m2K [40].

The capital costs of the blowers, including an electric motor drive, can be determined by
calculating the the blower power through the gas mass stream under the assumption of typical
pressure drops within the atmospheric operating fluidized bed reactors. The mechanical efficiency of
the blowers is set to ηm = 0.75.

Bins and Feeders

The produced solid mass stream of the reactors is the sizing factor for the screw feeders. It also
determines the required bin volume VBin in order to provide the reaction material for a given period of
time τSt without resupply:

VBin = ṁs τSt. (10)

The bins are dimensioned for a supply period of 2 days.

3.3. Expenses

Transport Costs

Since the heat storage and heat release plants are located at different sites, the TCM has to be
transported between the sites after each release and storage process. Transportation via road is chosen.
The transportation costs CTr are determined according to a calculation method for freight traffic,
published by the German federal ministry of transportation [41].

The correlation considers fuel CF, variable CVar and fixed CFix transportation costs and personnel
costs CPer as a function of the travel distance TD and travel time TT between the sites. The total mass
of transported TCM, yields the required amount of journeys per annum assuming a transportation load
of 24 t/journey. It is calculated by the product of the operating hours per annum and the produced
solid mass stream of the heat release plant, which is higher than the mass stream of the heat storage
plant, due to the higher molecular weight of the Mg(OH)2 compared to the MgO.

CTr = TD (CF + CVar) + (1.2 TT + 1.5)CPer + 1.2 TT CFix. (11)
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The equation is simplified because it is assumed that no costs from the usage of freight containers
and no additional infrastructure usage like tunnels or bridges arise. Furthermore it is assumed that no
toll charges apply on the route.

Operating Labor and Maintenance

Both the heat storage and the heat release plants have to be located next to existing industrial sites.
In the considered case, the waste heat provided by a gas compressor station is stored and released into
a district heating network. This means that no dedicated personnel is required for the operation of
the thermochemical plants, hence it is assumed personnel is only present for 30 % of the operation
time TOp. Hence with a given workers wage CWage the operating labour costs CO for the two plants are:

CO = 2 × 0.3 TOp CWage. (12)

Annual costs for equipment maintenance and repairs can be determined as a percentage (2–20%)
of the equipment costs [37], here a percentage value of 10 % was assumed. Additionally the costs for
the operating supplies is about 15 % of the total cost for maintenance and repairs. Consequently the
total maintenance costs CM amount to:

CM = 1.15 × 0.10 ∑
i

(
Ic,i

IBase,i

)
CP,i. (13)

The electricity costs mainly consist of the required blower power. The direct power requirements
are increased by a factor of 1.25 as suggested by Peters et al. [37], in order to cover the supply for
lighting, motors and other various process-equipment demands. The price of electricity is set to
0.042 e/kWh. No additional costs for the supply of steam are considered, because the heat release site
is assumed to be at locations, where either steam or low grade heat is available.

3.4. Income and Economic Performance Evaluation

The net earnings p.a.Et of the process are determined by the amount of the produced heat of the
heat release plant. It was extensively discussed in References [23,28] that it is not possible to recover
the whole amount of the stored heat. This is attributed to process limitations like particle pre-heating
and not utilizing the sensible heat of the solids after they exit the reactor. Therefore a round trip
efficiency ηrt, which is the fraction of the released heat per the initially stored heat is considered in the
earnings equation:

Et = ηrt CH TOp Q̇, (14)

where CH is the price charged per MWh. The value range of ηrt has been extensively discussed in
Reference [23]. For the considered system, ηrt is set to 70 %.

As an indicator of the plant profitability the net present value (NPV) is calculated:

NPV = −CTCI +
t=n

∑
t=1

(
Et − At

(1 + i/100)t

)
, (15)

where At are the total operating expenses, consisting mainly of the transport, labour and maintenance
costs. The value of the NPV, depends greatly upon the assumed interest rate i and service life t, which
are set to to 7.5 % and 15 years respectively. In order for the investment to be profitable the NPV has to
be positive.

4. Results and Discussion

Table 1 summarizes the key process and economic parameters that were used for the estimation
of the investment costs. The results for the total capital investment as well as operating costs p.a. and
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income p.a. are outlined in Table 2. Since the NPV is positive, the investment would be profitable
under the assumptions that were made.

Table 1. Values of the process and economic parameters assumed for the estimation of the investment costs.

Heat Storage Plant Heat Release Plant

Storage process Release Process
Q̇WH = 5.5 MW -
τSt = 1.5 h τRe = 2.5 h
ρbulk,St = 546 kg/m3 ρbulk,Re = 680 kg/m3

dp,St = 400µm dp,Re = 400µm
Heat Storage Reactor Heat Release Reactor

dR,St = 5 m dR,Re = 5 m
HR,St = 3.19 m HR,Re = 3.1 m
SSt = 6 mm SRe = 6 mm
kIB−HEX,St = 250 W/m2K kIB−HEX,Re = 250 W/m2K
∆θm,IB−HEX,St = 85 K ∆θm,IB−HEX,Re = 50 K

Heat Exchanger -
kHEX = 20 W/m2K -
∆θm,HEX = 60 K -

Condenser -
kCond = 40 W/m2K -
∆θm,Cond = 55 K -

Economic Parameters Transport Parameters
Operating hours p. a.: 8000 h Distance between sites: 30 km
Heat price: 50e/MWh Transport time: 1 h
Real interest rate: 7.5 % Material Parameters
Economic lifetime: 15 years Material costs: 200e/t
ηrt = 70% Required Material: 2360 t

Table 2. Results of the profitability analysis and the capital cost estimation.

Capital investment 4.95 Me
Operating costs p. a. 0.93 Me
Earnings p. a. 1.53 Me
NPV 0.37 Me

The purchased equipment costs of the storage and release plants are depicted in Figure 4 and are
listed alongside the the size factors of the process components for the heat storage and the heat release
plant in Tables 3 and 4, respectively. The two most expensive components are the reactors including
the in-bed heat exchangers (marked in yellow in the bar graph) and the solid storage bins, which
are dimensioned so that they provide material for the process for 2 days without supply. The total
investment costs of the two plants and the initial material costs are depicted in Table 1. It is evident
that although fewer components are utilized in the heat release than in the storage plant, the total
equipment costs are nearly equal. This can be attributed to the fact that the particle density of the
MgO is higher than that of Mg(OH)2, leading to higher fluidization gas streams which result in higher
blower and filter costs.
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Figure 4. Total purchase equipment costs of the storage and release plants dimensioned to store a
waste heat stream of 5.5 MW, in yellow the costs of the in bed heat exchanger.

Table 3. Size factors and purchase costs of the heat storage plant equipment.

Component (No.) Size Factor Size Factor Value (S) Purchase Costs (CP,i)

Reactor (1a)
Mass, kg
Diameter, m
Height, m

6872 kg
5 m
3.19 m

67.3 ke

Reactor heat exchanger (2a) Surface area, m2 258.8 m2 25.6 ke
Heat exchanger (3a) Surface area, m2 850.2 m2 63 ke
Bag filter (4a) Gas flow rate, m3/h 3 m3/h 42.8 ke
Bin

MgO Bin (5a) Volume, m3 695 m3 58 ke
Mg(OH)2 Bin (6a) Volume, m3 1253 m3 76.1 ke

Condenser (7a) Surface area, m2 195.6 m2 22 ke
Blower (8a) Drive power, kW 144.3 kW 37.3 ke
Screw conveyor

MgO feeder (9a) Volumetric flow rate, m3/h 14.5 m3/h 3.7 ke
Mg(OH)2 feeder (10a) Volumetric flow rate, m3/h 26.1 m3/h 4.2 ke

Total heat storage plant equipment costs: 400 ke

The operating costs are illustrated in Figure 5. Transport costs make up the biggest portion,
namely 61%, operation and maintenance costs amount to 17% while electricity costs constitute the
remaining 22%. This means that the profitability of the process greatly depends upon both the distance
between the hydration and dehydration plant and the time that the truck requires to transport the TCM
between the two locations. Ideally both plants would be located on the same site, thus no transport
costs would arise.
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Table 4. Size factors and purchase costs of the heat release plant equipment.

Component (No.) Size Factor Size Factor Value (S) Purchase Costs (CP,i)

Reactor (1b)
Mass, kg
Diameter, m
Height, m

4061 kg
5 m
3.1 m

52.5 ke

Reactor heat exchanger (2b) Surface area, m2 438 m2 36.9 ke
Bag filter (3b) Gas flow rate, m3/h 7.1 m3/h 70.2 ke
Bin

MgO Bin (4b) Volume, m3 1253 m3 76.1 ke
Mg(OH)2 Bin (5b) Volume, m3 695 m3 58 ke

Blower (6b) Drive power, kW 337 kW 73 ke
Screw conveyor

MgO feeder (7b) Volumetric flow rate, m3/h 26.1 m3/h 4.2 ke
Mg(OH)2 feeder (8b) Volumetric flow rate, m3/h 14.5 m3/h 3.7 ke

Total heat release plant equipment costs: 374.6 ke

Figure 5. Operating cost distribution.

In order to store the assumed amount of heat, a mass flow of 2.74 kg/s Mg(OH)2 is required.
This amount of TCM has to be transported between the two sites resulting into approximately 9500 truck
rides per year. In other words, at least 4 trucks, which make multiple rides per day, are required to
keep the operation running. As a consequence about 250 tons of CO2eq, or 8.1 gCO2/kWh of recovered
heat, are produced per annum. Taking into account the total capital cost investment under the assumed
conditions and the amount of the produced heat per annum, the costs for one kWh of heat are 0.16e.

A critical property of TCM that also has to be considered, is the cycle stability. Since the
particle stay for two days in each of the four solid bins it is concluded that the TCM must withstand
approximately 40 cycles per annum.

Sensitivity Analysis

In order to evaluate the profitability of a thermochemical energy storage concept with the reaction
pair MgO − Mg(OH)2, a sensitivity analysis was performed to rank the influence of key economic and
process parameters.

The study showed that the dominating parameters that influence the economic feasibility of the
TCES system are the amount of heat that is available for storage, the process efficiency and the price
at which the heat can be sold. The last two factors have the same impact on the earnings as stated in
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Equation (14). The minimum value of these parameters that is required to yield a positive NPV under
the given conditions are depicted in Figure 6. These values should be seen as the rough lower limits at
which TCES systems can be installed profitably.

Figure 6. Minimum value of key parameters for an economic operation and their effect on the net
present value (NPV).

Furthermore, the impact of less influential parameters is depicted in Figure 7. From the listed
parameters, the transport costs and the operating hours have the biggest impact on the NPV.

The plant is assumed to operate 8000 h per annum, a reduction of this time, would lead to a
decrease of the NPV rendering the system uneconomic. An increase of the transport costs of 20% has a
similar effect. Similarly, reducing or even omitting the transport costs, greatly benefits the feasibility of
the TCES-system. This would be the case for example, if the heat release and storage plant are located
on the same site.

Economic parameters like the real interest rate and economic lifetime have a similar but lesser
impact. Both render the process unprofitable if they reach the maximum negative value of the
variation. On the contrary, the costs of the raw materials does not influence the process to the same
extent. This can be attributed to their generally low price and the fact that only a few material cycles
are required per year which means that small quantities of new TCM have to be purchased to replace
chemically inactive materials. The particle residence time, which ultimately determines the size of the
reactors, also has a low impact on the NPV. An increase in the reactor equipment costs does not have
a big effect on the overall capital investment since it only constitutes a small portion of the overall
equipment costs as illustrated in Figure 4.
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Figure 7. Sensitivity analysis of the effect of different parameters on the NPV.

5. Conclusions

A method to estimate the capital costs and the profitability of thermochemical energy storage
systems was applied. A preliminary process design of a TCES system including a mass and energy
balance as well as equipment sizing has been developed to set the basis for the study estimate.
Additionally, the operating labour, maintenance costs and earnings have been estimated to yield the
net present value and determine the profitability of the process.

The results show that for the considered system, a minimum heat price of 48.68e per MWh
should be charged and that the system should not be installed at sites where less than 5.2 MW of
waste heat are available for storage, in order to ensure an economic viable operation. These values,
are calculated under the assumption that the heat for the endothermic reaction is acquired for free
and that steam or low grade heat is available at the hydration site. Furthermore, it was shown that
the transport costs constitute the largest portion, specifically 68 %, of the operating costs. Hence,
the distance and travel time between the heat storage and release sites are determining factors for the
profitability of the system. Taking into account the total capital cost investment and the amount of the
installed heat storage capacity, it is concluded that the specific investment costs per MW stored heat
are 900e/kW.

In order to provide a more precise estimation of the capital investment, a detailed plant design
including detailed equipment drawings, construction material selection and the development of a
process control configuration as incorporated into a P&ID is required. Furthermore, the reaction kinetic
expression that influences the residence time of the particles should be adapted to take into account
the additional effects that occur in a FBR. Finally, factors like powder attrition, particle size distribution
as well as cycle stability and reversibility have to be taken into consideration, in order to obtain a more
precise estimation of the equipment sizing.
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Nomenclature

Symbols
A Heat transfer area m2

ACS Reactor cross section m2

Ar Archimedes number -
At Total operating expenses p. a. e

CF Fuel costs e
km

CFix Fix transportation costs e
h

CH Charged heat price e
MWh

CM Total maintenance costs e

CO Operating labour costs e

CP Equipment purchase costs e

CPer Personal transportation costs e
h

CTCI Total capital investment e

CTCM Initial material costs e

CTr Transportation costs e

CVar Variable transportation costs e
km

CWage Workers wage e
h

d Diameter m
Et Net earnings p. a. e

FISF Investment site factor -
fL Lang factor -
H Height m
i Interest rate -
IBase Base cost index -
Ic Current cost index -
k Heat transfer coefficient W

m2K
ṁ Material stream kg

s
M Mass kg
Q̇ Heat flow kW
S Wall thickness m
t Plant service time years
TD Travel distance km
TOp Operation time h
TT Travel time h
umin, f l Minimum fluidization velocity m

s
V Volume m3

∆θm Mean temperature difference K
∆HR Reaction enthalpy kJ

mol
ηm Mechanical efficiency -
ηrt Round trip efficiency -
µ Dynamic viscosity kg

ms
ν Stoichiometric factor -
ρ Density kg

m3

τ Particle residence time s
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Abbreviations
CO2eq Carbon dioxide equivalent
FBR Fluidized bed reactor
MgO Magnesium oxide
Mg(OH)2 Magnesium hydroxide
NPV Net present value
TCES Thermochemical energy storage
TCM Thermochemical material
TES Thermal energy storage
Subscripts
bed Reactor bed
Cond Condenser
g Gas
HEX Heat exchanger
IB − HEX In bed heat exchanger
p Particle
R Reactor
Re Release
s Solid
St Storage
WH Waste Heat
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