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Abstract

The energy economy is continually evolving in response to socio-political factors in the nature
of primary energy sources, their conversions to useful forms such as electricity and heat, and
their utilization in different sectors. Nuclear energy has a crucial role to play in the evolution
of energy economy due to its clean and non-carbon-emitting characteristics. Integrated Energy
Systems (IES) are collaboratively controlled systems may dynamically apportion thermal
and/or electrical energy to promote the production of various energy products, and have
potential to reduce GHG emissions, improve energy efficiency, improve electrical grid
dependability, and enhance energy economics. The reversible decomposition reaction of
Ca(OH)2 has attracted wide attention and research for thermochemical energy storage system
(TCES). Chemical Heat Pump (ChHP) or temperature amplification aspect of the system was
not studied in detail in the literature. In this work, thermodynamic modeling, experimental
investigation and techno-economic analysis were conducted. A refinement of the equilibrium
relationship between pressure and temperature governing the reversible reaction is presented
by incorporating temperature dependence of the thermodynamic properties and the effect of
non-ideality in the vapor phase. The results showed the temperature dependence of enthalpy
influences the equilibrium and the non-ideality in vapor phase can become significant at
pressures greater than 2 MPa. The refined relationship predicts higher equilibrium pressures
for any temperature than those equilibrium relationships that neglect the temperature
dependence of thermodynamic quantities. Thermogravimetric analyzer was used to perform
kinetic analysis of pure Ca(OH). decomposition at various temperatures, yielding kinetic
parameters - activation energy and Arrhenius constant with derived rate control equations for
isothermal and non-isothermal conditions. CaTiOz is added to Ca(OH). at different
compositions to enhance Kkinetic parameters in form of composite pellets which showed
significant increase in activation energy and Arrhenius constant values. Repeated dehydration-
hydration cycles were conducted in a bench scale reactor system under various reaction
conditions. The experiments were firstly conducted with powdered and pelletized Ca(OH)2 and
then with composite pellets comprising inert agent. It was found that the temperature rise
during hydration reaction was dependent on the extent of conversion during the dehydration

process. Visual and scanning electron microscopic examinations of the product after each



reaction revealed structural changes and formation of cracks in the Ca(OH)2 pellets but no
cracks were developed after 20 cycles when composite pellets we used. A techno-economic
analysis was undertaken to establish the viability of selling heat along with electricity for an
advanced 100 MW, small modular reactor (SMR) and four nuclear hybrid energy system
(NHES) configurations featuring the SMR paired with chemical heat pump (ChHP) systems
providing a thermal output ranging from 1 to 50 MW. Net present value, payback period,
discounted cash flow rate of return and levelized cost of energy were evaluated for these
systems for different regions of U.S. reflecting a range of electricity and thermal energy costs.
The analysis indicated that selling heat to high temperature industrial processes showed
profitable outcomes compared to the sale of only electricity. Higher carbon taxes improved the
economic parameters of the NHES alternatives significantly. Providing heat to high
temperature industries could be very beneficial, helping to cut down the greenhouse gases

emission by reducing the fossil fuel consumption.
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Chapter 1 Introduction

The world faces a new challenge in the twenty-first century—substantially lowering
greenhouse gas emissions while simultaneously providing energy access and economic
opportunity to billions of people. During the 2021 United Nations Climate Change Conference
of the Parties (COP26), 137 countries including China, United States and India, committed to
net-zero, carbon neutrality or being climate-neutral. To have a major impact on greenhouse
gas (GHG) emissions, non-electric energy sectors’ (industry, commercial, residential, and
transportation) carbon footprint must be considered to achieve long-term emission reduction
targets. Growth of the nuclear power sector can help realize the goal of a reliable, carbon
emission free energy mix. While nuclear power is technologically mature and reliable, the
economics of nuclear power have been challenged due to an in influx of highly incentivized
and intermittent renewable energy sources. High penetration of solar and wind energy into the
power grid drops the value of electricity to low or even negative prices at certain times of day
and year, reducing the nuclear power plant viability [1]. This significantly increases the
payback period and financial risk of investment in nuclear power plants, despite their ability
to provide reliable base-load power.

1.1 Nuclear Energy Current Status

According to the Nuclear Energy Institute [2], the United States avoided more than 476
million metric tons of carbon dioxide emissions in 2019, which is equivalent to removing 100
million cars from the road and more than all other clean energy sources combined. Contributing
massive amounts of carbon-free power, nuclear energy produces more electricity on less land
than any other clean-air source. A typical 1,000-megawatt nuclear facility in the United States
needs a little more than 1 square mile to operate. Wind farms require 360 times more land
area to produce the same amount of electricity and solar photovoltaic plants require 75 times

more space.

Cost has been the primary issue facing the nuclear industry for over 20 years. When
explaining the relatively limited expansion of nuclear power, the recent MIT Future of Nuclear
report stated cost as the fundamental problem [3]. The nuclear power plant fleet in the United
States was profitable during the most of the 2000s: their capital costs having been largely

amortized over previous decades, and their operational costs were cheap compared with the


https://www.nei.org/resources/statistics/emissions-avoided-by-us-nuclear-industry
https://www.nei.org/resources/statistics/emissions-avoided-by-us-nuclear-industry
https://www.nei.org/news/2015/land-needs-for-wind-solar-dwarf-nuclear-plants
https://www.nei.org/news/2015/land-needs-for-wind-solar-dwarf-nuclear-plants

relatively high cost of fossil and renewable alternatives. Utilities embarked on a flurry of
market-driven nuclear power plant purchases, power uprates, and license extensions as they

attempted to maximize the value of their nuclear assets.

Current nuclear power reactors produce usable energy in the form of heat at modest
temperatures (approximately 300°C); this heat is then converted to electricity using a steam
turbine power cycle. In advanced nuclear reactors (so-called Generation-1V designs), the initial
energy product is again heat, but planned to be delivered at much higher temperatures (500°C—
800°C). These higher operating temperatures offer a potential opportunity for nuclear high-
temperature reactor technology to provide useful process heat directly in industrial

applications.

The International Atomic Energy Agency (IAEA) formally defines small modular reactors
(SMRs) as nuclear reactors capable of producing less than 300 MW, of power [4].
Microreactors can supply anywhere from 1 to 20 MWe, thus producing less than 7% of the
power output by SMRs, less than 0.7% of existing commercial reactors, and are transportable,
and often self-adjusting. In the United States, very few utility companies have the required
equity to finance the large upfront capital costs associated with reactors over 700 MWe.
Therefore, many new SMR designs are being seriously considered and are in the design,

research and development, or licensing stages.

1.2 Integrated Energy System

Researchers have been attracted by Integrated Energy Systems (IES) in recent years due to
their potential to reduce GHG emissions, increase energy efficiency, improve electrical grid
dependability, and enhance energy economics as shown in Fig. 1.1. IES are collaboratively
controlled systems that dynamically apportion thermal and/or electrical energy to promote the
production of various energy products while also providing responsive generation to the power
grid. Multiple subsystems make up an IES, which may or may not be geographically co-located
[5-6]. To realize the benefits of IES with the current reactor fleets by providing process heat
and improving economics, selection and development of a complimentary temperature
upgrading technology is necessary. Multiple distinct energy sources operate behind a single
grid link in this case. Thermal energy can be used to generate power, be stored, or be used in

industrial thermal processes. In response to changing electric market conditions, this energy



distribution can be modified to maximize the value of the IES. Solar thermal and nuclear power
are becoming less appealing to investors as the price of electricity fluctuates due to the arrival
of renewable energy sources such as solar photovoltaic panels and wind turbines. Solar thermal
and nuclear facilities do minimize greenhouse gas emissions, but they come with high upfront
investments that are difficult to recover rapidly in a fluctuating energy market. While thermal
storage is a component of the solution, there is also an opportunity to sell heat instead of power
when it is more profitable. Several heat sources with zero GHG emissions can be employed
for industrial heating.

— Heat
——» Electricity

Nuclear . Industrial
Reactor Process

Thermal
SOIa r > Energy
Thermal > Storage
Energy
Power
Block

wWind ¥ -
Energy

Figure 1.1 Example of Integrated Energy Systems

McMillan et al. gathered data on thermal energy consumption and CO2 emissions for high-
temperature thermal process businesses in the United States in 2016 [7]. They discovered that
boilers or combined heat and power accounted for 70% of the 51 TBtu consumed in the U.S.
industrial sector in 2014, while direct process heating accounted for another 24%. Because
fossil fuels (mainly natural gas) are readily available, affordable, and simple to utilize, they are
commonly used to generate the requisite high-temperature heat. Instead of fossil fuels, using
nuclear or renewable thermal energy for these applications can significantly reduce GHG
emissions. This also opens the possibility of using energy products other than electricity, which
is not always feasible due to fluctuating electricity prices. The use of low-carbon energy
sources could be improved by combining energy storage and better-integrated varied energy

markets. Conventional nuclear reactors operate at 300-325°C, whereas the high-temperature



thermal industrial process typically requires heat at greater than 550°C, as shown in Fig. 1.2.
To address the temperature mismatch, heat pumps are used between the nuclear power plant
and the desired high-temperature thermal industries. Heat pump technologies are preferable to
other alternatives (resistance heating) for achieving higher temperatures because they avoid
the efficiency penalty associated with the thermal to electrical energy conversion while still

enabling storage of thermal energy for later conversion to electricity if desired.
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Figure 1.2 High-temperature industrial thermal processes with temperature requirements [7]

1.3 Chemical Heat Pump

Chemical Heat Pumps (ChHPs) utilize the reversible chemical reaction to change temperature
levels of thermal energy (stored in chemical bonds of compounds) by manipulating reaction
conditions. The advantages of ChHPs are their high-storage capacity, long-term storage of both
reactant and product, lower heat loss, and energy upgrading for low-temperature heat [8].
Compared with mechanical and absorption heat pumps, ChHPs are capable of much higher
temperature lifts with significantly less mechanical input [9]. A ChHP based on calcium
hydroxide-oxide system is shown schematically in Figure 3. This system can also be operated

as thermochemical energy storage system (TCES).

The attractiveness of Ca(OH)./CaO ChHP arises from the following points: (1) calcium

hydroxide is relatively cheap and easily available, (2) the process has high storage density as



reaction enthalpy is high, and (3) there is a wide range of operating temperatures (300-650°C)
for the system [8]. Other common systems include processes based on thermal decomposition
of ammonium salts or metal hydrides; sulfur dioxide, carbon dioxide, or hydrogen systems;
and adsorption on a solid sorbent. However, these systems are more costly, involve species
that are toxic in nature (such as NHz or SOy, etc.), have issues related to reversibility, and the

reagent handling is challenging, particularly when dealing with non-condensable gases.
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Figure 1.3 (a) Schematics of components of Ca(OH)./CaO ChHP system; (b) Clausius-
Clapeyron Diagram

The operation of this system can be described in two basic steps: charging and discharging, as
shown in Fig 1.3. Charging starts with the addition of heat at Tm to dehydrate the chemical bed
at low pressure. Then, the vapor is captured in a condenser and heat is rejected at Tc, usually
the ambient temperature. For discharge, the vapor pressure is increased, and the water is
evaporated with heat added at Te. The vapor then hydrates the chemical bed, releasing the
stored heat at TH. Once the bed is done reacting, the bed can be charged again. The heat input
and rejection temperatures of a chemical heat pump are mainly dictated by the saturation or
equilibrium temperatures of the refrigerant or reactants used. In a survey conducted in 2013 by
Sabharwall et al., the reversible Ca(OH)2/CaO reaction shown in Equation 1.1 was established
as the best candidate for high-temperature boosting of heat from light-water reactors to high-

temperature industrial thermal processes [10].

Cao(s) + H20(g) = Ca(OH)2 (1.1)



The Ca(OH)2/CaO reaction has a high-energy density, fast-reaction Kkinetics, and an
equilibrium curve appropriate for the high temperatures involved with the industries of interest.
A schematic of the Ca(OH)./CaO ChHP is shown in Fig 1.3a. The Clausius-Clapeyron diagram
in Fig. 1.3b shows the equilibrium curve for the reaction and the saturation curve of water. The
calcium oxide hydration reaction has the potential to receive heat at 350°C during charging
and deliver heat above 600°C during discharge. This means the reaction is not only helpful in
delivering heat at high temperatures, but also temperature lifts greater than 250°C. High-
temperature operation and large temperature lifts make the CaO/Ca(OH). chemical heat pump
a great candidate for efficient high-temperature process heating using low-carbon thermal

energy.

Several researchers have investigated the Ca(OH)2/CaO reversible system both theoretically
and experimentally. Schaube [11] and Matsuda [12] used thermogravimetric analysis with 10—
30 mg of Ca(OH). for investigation of dehydration-hydration reversible reaction of
Ca(OH),/Ca0. Dai et al. [13] conducted dehydration and hydration on a small scale with
powdered 20 g of Ca(OH)2, and the gross heat input and outflow were calculated under
standard conditions. Schmidt et al. [14] used a significantly bigger system containing 2.4-kg
Ca(OH)2 at a low pressure to test heat transfer fluids under varied heating and cooling loads.
Schmidt et al. [15] designed chemical reactor indirectly operated by integrating heat exchanger
at high temperature for 20-kg Ca(OH)2 and Criado et al. [16] examined the reaction behavior
in a fluidized bed system. Schaube et al. [17] studied the direct heat transfer output of
CaO/Ca(OH); in a fixed bed reactor containing 60-g powdered Ca(OH),. Funayama et al. [18]
used 60 g of calcium hydroxide pellets to enhance the temperature of the Ca(OH)2/CaO
dehydration-hydration cycle, and the heat storage density of the bed was calculated assuming
constant reaction enthalpy. Most of the above studies focused on the thermochemical energy

storage aspect of Ca(OH)2/CaO reaction system.

Modifying the reactant to improve its mechanical and physical properties has been the topic of
a few recent investigations as studies have found an agglomeration of reactant giving rise to
low effective thermal conductivity and poor heat and mass transfer. Criado et al. [19] studied
the crushing strength and mechanical stability of a CaO-based material with Na>SizO7 as a

modifier and discovered that decreasing the reaction time was a viable alternative for



increasing the reactants’ mechanical stability. For incomplete conversion of CaO to Ca(OH).,
the crushing strength of CaO-based material particles was increased, but higher conversion
resulted in a lower crushing strength. Yan et al. [20] looked at modifying a CaO-based material
with LiOH to improve dehydration performance, but the modification had no effect on the
solid reactant’s structural integrity. Sakellarious et al. [21] added aluminum to CaO in the form
of aluminum oxide, which improved structural stability while reduced the material's hydration
activity. Adding a minimal amount of nano-SiO> to CaO particles prevented agglomeration
and stabilized the bulk characteristics of CaO particles, but had little effect on lowering the

dehydration temperature, according to RoRkopf et al. [22, 23].

1.4 SMR and ChHP Economics

The development of an SMR involves significantly less upfront money, resulting in lower
financial risks and making it a viable alternative to large nuclear reactors (1 GW). SMR can
also combine with a hybrid energy system to manage fluctuations in intermittent renewable
energy generation while also storing energy or providing electricity/heat. Bolden et al. [24, 25]
examined the SMR economics through a comprehensive model based on first-of -a-kind
(FOAK) through nth-of-a-kind (NOAK). The model evaluates a project’s feasibility in regards
of market conditions and commonly used capital budgeting techniques like the net present
value (NPV), internal rate of return (IRR), payback period (PBP), and the levelized cost of
energy (LCOE). Sabharwall et al. [26] conducted a study on nuclear-renewable energy
integration economics where study compares economic of three cases, i.e., nuclear, nuclear-
wind and nuclear-wind-hydrogen for the PJIM and Mid-C U.S. markets. Alonso et al. [27]
conducted economic comparative study on SMR versus coal and combined cycle plants. They
performed sensitivity analysis showing how NPV and IRR vary with changing discount rates
and overnight capital cost. Within IES, there is an obvious requirement to resolve temperature
mismatches between energy sources and demands in the most effective way feasible. The
techno-economics model is critical for determining whether technical and market factors make

the heat pump advantageous and appealing to investors.

Very few studies have focused on the economic feasibility of ChHPs because of low
technology readiness level of the system. Spoelstra et al. [28] studied the techno-economic

analysis of two different ChHPs for temperature amplification less than 150°C. The



isopropanol-acetone and ammonia-salt systems were proposed. The ammonia-salt vapor heat
pump outperforms the isopropanol-acetone heat pump in terms of technical performance by
evaluating internal rate of return of 7%, as it has a higher enthalpic efficiency, a higher
coefficient of performance, and does not produce by-products. Karaca et al. [29] investigated
economics of ChHP based on ethanol-formaldehyde—hydrogen, ethanol-acetaldehyde—
hydrogen, iso-propanol-acetone-hydrogen and n-butanol-butyraldehyde—hydrogen systems
for low-temperature heat upgrade from 77—200°C. These studies were conducted in 2002, and
the economy and policy have changed significantly since then. Bayon et al. [30] explored the
techno-economic feasibility of thermochemical energy storage systems when coupled with
solar thermal energy. The working pair investigated were molten salts, alkaline-hydroxides,
carbonates, and oxides. Of 17 working pairs analyzed, eight showed high potential for
commercial applications with a cost lower than $25 MJ? including Ca(OH)./CaO system.
There have not been any techno-economic studies reported which focuses on ChHP for thermo-

amplification to boost the temperature from 350°C to 600°C and above.

The objective of the research was to develop and demonstrate the technical feasibility of the
Ca(OH)2/Ca0 ChHP system for temperature amplification in a bench scale system. The
specific objectives included thermodynamic modeling, cyclability and reproducibility, kinetic
study, and techno-economic analysis (TEA). In chapter 2, a modified Clausius-Clapeyron
equation that incorporates the temperature dependence of thermodynamic quantities was
developed to describe the equilibrium for the reversible calcium hydroxide
decomposition/calcium oxide hydration reaction couple. Equilibrium relationships of greater
accuracy are highly desired, as they have significant impact on the design and operation of the
ChHP. In chapter 3, kinetic parameters were estimated based on the thermo-gravimetric
analyzer (TGA) results at different isothermal temperatures. A rate equation was developed
for the decomposition reaction. The effect of adding of CaTiO3 to pure Ca(OH). in the form
of a composite pellet 1:0.5 and 1:1 Ca(OH)2:CaTiOs (by wt. %) on kinetic parameters was also
studied. In chapter 4, study on cyclability of Ca(OH)2-CaO and inert modified composite
pellets were reported. In chapter 5, a TEA was conducted for an advanced SMR and an SMR
coupled with different thermal output ChHP systems to determine the profitability of selling

heat rather than only electricity.
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Chapter 2 Thermodynamic Modeling of Ca(OH)./CaO
Reversible Reaction System

2.1 Objective

The direction of the chemical transformation in a reversible reaction couple can be altered by
manipulating the operating conditions, which creates a driving force for the transformation due
to the deviation from thermodynamic equilibrium. Quantifying the magnitude of the driving
force and identifying the direction of the transformation accurately requires an accurate
description of thermodynamic equilibrium of the system. The thermodynamic equilibrium for
the reversible reaction system is usually described by the Clausius-Clapeyron equation shown
below in Eq. 2.1; Peg, is the equilibrium pressure of the system, i.e., that of water vapor, at the

system temperature Teq and ¢ is the constant of integration.

InPoy=———+¢ 2.1)

Teq

As indicated by the equation, the equilibrium system pressure is determined by the reaction
temperature. Conversely, manipulating the system pressure allows one to control the
temperature, and manipulation of these variables allows one to control the direction of the
reaction. Three of the most commonly used forms of the Clausius-Clapeyron equation for this

chemical system reported in literature are shown in Table 2.1.

Table 2.1 Reported Clausius-Clapeyron equilibrium relation for Ca(OH)2/CaO system

Equation References
| Peq[Pal\ 11375 14574 Samms and Evans [1]
"\ )T T K '

| Poq[Pal\ 12845+16508 Schaube et. al. [2]
"N T105 )T T TR '
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P,,[Pa 11607 Criado et al. [3
lr1< 6‘1%5 ]> = - +14.648 ]

T[K] Barin and Platzki [4]

*The values 11375, 12845 and 11607 in the above equilibrium relations are AH/R and the
unit is (K)

The equations listed above in Table 2.1 assumed a constant reaction enthalpy (AHr) over the
temperature range. However, rigorous application of thermodynamics requires consideration
of its dependence on temperature and pressure. In this chapter, we present a refinement of the
thermodynamic equilibrium by incorporating the temperature dependence of the reaction
enthalpy in the equation. Further, we also present an analysis of the effect of non-ideality in
the vapor phase for additional refinement and identification of conditions when the effect may
be significant. These refinements will help improve the accuracy of the equilibrium
relationships governing the process, increasing the understanding of the process, and ultimately
leading to better process design.

2.2 Thermodynamic Analysis

Thermodynamic relationships describe the limiting conditions of the state of any system, and
in case of a chemical reaction, the technical constraint on the conversion that can be achieved
for that system. Temperature dependence on thermodynamic state functions enthalpy, entropy
and Gibbs energy changes are described in section 2.2.1, and an analysis of the non-ideality in

the vapor phase is presented in section 2.2.2.

2.2.1 Temperature dependence of thermodynamic properties
The enthalpy change for the Ca(OH)./CaO decomposition reaction (AHr) can be calculated at

any given temperature from Eq. 2.2:

AH, = Z?p VviH; — 377 viH;
2.2)
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where Hj and vi represent the molar enthalpy and the stoichiometric coefficient of the species
I, respectively. The summation of enthalpies is carried over the total number of products and
reactants, np and nr respectively. The molar enthalpy of species i can be represented by a

polynomial function of the temperature as shown by Eq. 2.3 [5].

2 3 4
Cigt Cizt Cial Cis
+ + - T + Ci,6 - Ci,8

2 3 4

_ 140
H; = Hjy9g15 + Ciat +

(2.3)

where t is related to the absolute temperature T by the equation t = T/1000. The values of
constants in Eq. 4 for the three species involved in the reaction are shown in Table 2.2. The

resulting enthalpy AHr has the units of kJ/mol.

Table 2.2 Values of Parameters in Eqg. 2.3

[ Ca(OH): CaO H.0

Ci1 130.8253 49.95403 30.092

Ci,2 -82.69216 4.887916 6.832514
Ci3 122.7690 -0.352056 6.793435
Cia -50.39210 0.046187 -2.534480
Cis -2.513146 -0.825097 0.082139
Cis -1030.841 -652.9718 -250.8810
Ci,7 247.1857 92.56096 223.3967
Cig -986.0851 -635.0894 -241.8264

The resulting reaction enthalpy as a function of t is shown in Eq. 2.4.

Crat? st ceatt
‘r,; + ‘r,; + T: - %5 + CT,6 - CT,8 (24)

AH, = AH1(‘),298.15 + ¢t +

where, the constants cr,j are obtained by Eq. 2.5 in which j ranges from 1-8 and shown in
Table 2.3.

n
Crj = X, ViCij — Xy ViCij (2.5)
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Table 2.3 Parametric Values of constants in Eq. 2.4
Cr1 Cr2 Cr3 Cra Cr5 Cr6 Cr7 Crs
-50.77927 94.41259 -116.32762 47.903807 1.770188 126.9882 68.7719 109.1693

The entropy change for the reaction is calculated in the same manner as the enthalpy change
and the resulting AS; has the unit of J/mol K:

AST = Z?p ViSi - Z?T ViSi (26)
Where entropy of the species is given by:

cizt? | ciat® ¢
L3 + L4- _Ls+ Ci,7 (27)

Si = Ci'lll’l (t) + Ci,zt + T 3 212

The resulting reaction entropy as a function of t is shown in Eq. 2.8.

AS, = cpqIn (8) + ¢y pt + Crzi + Créi - ZTT;’ + ¢y (2.8)
The enthalpy and entropy changes for the reaction can be used to calculate the Gibbs energy
change for it, which in turn, allows the determination of the equilibrium constant for the
reaction at the reaction temperature as shown in Eq. 2.9. The relationship between the
equilibrium constant and Gibbs free energy is given by Eq. 2.10 or its rearranged form, Eq.
2.11.

AG = AH — TAS (2.9)
AG = —RTInK,, (2.10)
Ko, = el7r) 2.12)
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The equilibrium constant for the reaction is expressed in terms of activities (a) of the species

involved in it:
Keq — aAH20-ACa0 (212)
Aca(0H)2

Activity of substances (solid or liquid) can be assumed as unity and activity for a gas is simply
fugacity divided by reference fugacity. Fugacity is a measure of the tendency of a gas to escape
or expand. The fugacity of areal gasis an effective partial pressure which replaces the
mechanical partial pressure in an accurate determination of the chemical equilibrium. Thus,
the Keq can be further simplified to:

Keq = amo =% (2.13)

We can conclude that Keq is numerically equal to fugacity of water vapor, where f is the

fugacity and f is the reference fugacity at 1 bar.

Keg = f (2.14)

From Eq. 2.10 and 2.14, a relationship between fugacity and Gibbs free energy is obtained as
shown in Eq. 2.15. Temperature dependence of the fugacity is obtained by differentiating Eq.
2.15 with temperature resulting in Eqg. 2.17, which is similar to the traditional Clapeyron

equation.

In (f) = == (2.15)
G- 4 () @1
%Y;f) — RATH (2.17)

Integration of Eq. 2.17 yields a relationship between the fugacity and temperature.

Case 1: Assuming AH to be constant (independent of temperature)


https://en.wikipedia.org/wiki/Real_gas
https://en.wikipedia.org/wiki/Partial_pressure
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If the enthalpy change is assumed to be independent of temperature, an equation similar to the
Clausius-Clapeyron equation is obtained as shown by Eq. 2.17, where ¢, is a constant, and f is

in the units of bar.
_ TAH
Inf =——+¢ (2.18)

Case 2: Incorporating effect of temperature on AH
However, as discussed above, AH; is a function of temperature as derived in Eq. 2.4. The
resulting differential and integrated forms of Eq. 2.18 incorporating this dependence are shown

in Eq. 2.19 and 2.20, respectively, ¢, being the constant of integration.

2 3 4
AHO %Er,lT_,rCr,ZT +cr'3T +cr_4T cr'5.1000+c c—Crg
d(nf) _ \7 7*815710007 2,10 3410 401012 T re

o v (2.19)
AHO ) cr 1 TIn(T) ) cr_ZTZ ) cr_3T3 ) cr'4T4' ,1000.c,5
—AH: 2981571000 22106 62109 T12:1012 2T Creterg
Inf = — + 62 (2.20)

2.2.2 Non-ideality in vapor phase

Obtaining equilibrium conditions requires determination of the fugacity as can be seen from
the above discussion [6]. The fugacity of an ideal gas is equal to its pressure; however, real
gases exhibit non-ideality in their behavior. For these substances, fugacity needs to be
determined experimentally or estimated from an accurate equation of state (EOS) that

describes their volumetric behavior.

The pressure and fugacity of a real gas are related through the dimensionless fugacity

coefficient (¢) as shown by Eq. 2.21.

szo = @u,0-Pu,o (2.21)

The fugacity coefficient of the water vapor is estimated by using the Soave-Redlich-Kwong
(SRK) EOS which is given by Eq. 2.22 [6-7].

_ RT __ _GsRK
T (V=b) V(V+b) (2.22)
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The resulting equation for the fugacity coefficient is shown in Eq. 2.23. The compressibility
factor (Z) and the parameter B required in this calculation are obtained using the relationships

given by Eqgs. 2.24 and 2.25, respectively [6-7].

_ ASRK Z+B
Ing = Z—1—1In(Z - B) — = 1p (7) (2.23)
__ PV
v (2.24)
__Pxb
B =22 (2.25)

Molar volume (V) at any given pressure (P) and temperature (T) required for calculating the
compressibility factor is obtained by solving the SRK equation which is a cubic equation in V
in its rearranged form as shown below in Eqg. 2.26.

Vs_ﬂvz_(szrE_aﬂ)V_wzo (2.26)
P P P P

The molecular co-volume (b) is calculated from critical temperature (T¢) and pressure (Pc)

using Eq. 2 27.

__ 0.08664*R*T,
= 3

b (2.27)

The energy parameter (asrk) depends on critical temperature (T¢), critical pressure (Pc),

reduced temperature (Tr), and the acentric factor (), and is calculated using Eqgs. 2.28-2.31.

Aspy = 0.42748=c:i2*TC2*M (2.28)
M=(1+N=x(1-T))? (2.29)
N = 0.48 + 1.574 * @ — 0.176 * »? (2.30)
T. = Tz (2.31)

2.3 Results and Discussions

The values of the enthalpy change, entropy change, and the Gibbs energy change for the
decomposition of Ca(OH)., calculated using Egs. 2.4, 2.8 and 2.9 were found to be 106.28
kJ/mol, 136.16 J/mol K and 41.851 kJ/mol, respectively, at 473.15 K. The equilibrium constant
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Keqis calculated using Eq. 2.11 and is ~ 2.392 x 107°. From Eq. 2.12, we know that Keq is equal
to fugacity of water vapor so, f=2.392 x 10 bar.

2.3.1 Non-ideality in vapor phase
The constant of integration in Eq. 2.19, where the enthalpy change (AH = 106.28 kJ/mol) is
assumed to be constant, was found to be 16.377, yielding an equation similar to the Clausius-

Clapeyron equation where fugacity is in bar and temperature in kelvin:

_ —106280

Inf = == +16.377 (2.32)

When the temperature dependence of the enthalpy change is taken into account, the resulting

equation is more complicated as shown below.

Tin(T T2 T3 T4 1000.
~109170+L 0D or2T2 ora T2 craT 1000605 herg
1000 2%100  6%109  12%10 2T ’ ,
Inf = +17.14 (2.33)
RT

It should be noted that the constants of integration in Eqgs. 2.18 and 2.20 can be evaluated at
any temperature. The reason these calculations were performed at T = 473.15 K (200°C) rather
than standard temperature 25°C (298.15 K) is that at the lower temperatures the fugacity values
are 6 orders of magnitude lower (~10! bar or lower), which tends to introduce round-off and

computational errors due to the precision limitations of the computing machines.

The fugacity coefficients for water vapor were calculated between the temperature range of
723.15—-823.15 K for various pressures. At any given pressure and temperature, molar volume
of water vapor was obtained by solving the cubic equation in volume (Eq. 2.26) using the
Newton-Raphson Method. Compressibility factor Z and the fugacity coefficient ¢ were then
calculated from Eq. 2.24 and Eq. 2.23, respectively. Parametric study between fugacity
coefficient, fugacity and pressure at different temperatures shows that the fugacity coefficient
starts deviating significantly from 1 at pressures greater than 2 MPa as shown in Figures 2.1
and 2.2. The value of the fugacity coefficient is approximately 1 at low and moderate pressures
implying that the fugacity or the escaping tendency of water vapor is essentially same as its
pressure at these conditions. At higher pressures, fugacity coefficient is less than 1, and starts
decreasing rapidly above 10 MPa. The implication of these values is that the fugacity or the



21

escaping tendency of the water vapor is actually lower than what would be indicated by its

partial pressure. At any given pressure, the fugacity coefficient is higher for higher

temperatures and this difference starts becoming noticeable at pressures greater than 2 MPa.
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Figure 2.1 Fugacity coefficient as a function of fugacity at different temperatures
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Figure 2.2 Fugacity coefficient as a function of pressure at different temperatures

Thus, the non-ideal behavior of water vapor begins to manifest itself at higher pressures,
however, practical operating pressures for the ChHP of interest are much lower (< 0.5 MPa),
and for all practical purposes the fugacity coefficient can be assumed to be 1 under these
conditions. So, the fugacity is essentially equal to pressure for Ca(OH)./CaO system under

practical operating conditions.

2.3.2 Incorporating temperature dependence on enthalpy
The Clausius-Clapeyron equation where enthalpy dependence on temperature is neglected is
as shown below in Eq. 2.34.

_ —106280

InP = ——
RT

+16.377 (2.34)

On the other hand, accounting for the dependence of enthalpy on temperature leads to the

following equation:
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Tin(T T? T3 T# 1000.c
(—109170:”’1 @ yer2T  or3T-, cral rs cr6+cr8>
1000 2%10 6%10 12x10 2T ! !
InP = = +17.14 (2.35)

The graphical representation of the two equations is shown in Figures 2.3 and 2.4. It can be
clearly seen from the above-mentioned figures that there is a significant difference between
the two derived equations, particularly at higher temperatures. The Eqg. 2.35 predicts that at
600 K the pressure is only ~15% higher, but the departure increases significantly with the
percentage change in pressure value of ~20% and ~35% at temperatures (~650 K) and (~823

K), respectively.

350 . . . .
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Figure 2.3 Reaction equilibrium for Ca(OH)./CaO systemin (a) Pvs T
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Figure 2.4 Reaction equilibrium for Ca(OH)2/Ca0 system in InP vs 1/T

Accounting for the temperature dependency of enthalpy of reaction and non-ideality should
result in a more accurate equilibrium relationship for the Ca(OH)2/CaO. Figure 2.5 and Table
2.4 show the comparison between the reported equilibrium relations for Ca(OH)2/CaO system
mentioned in Table 2.1 and the developed equilibrium relation between P and T from Eqgs. 2.34
and 2.35. Samms et al., [1] obtained the equilibrium relation experimentally which performed
well at sub-atmospheric pressure conditions. However, the predictions of the equilibrium
relationship did not match well with other reported data at higher pressures. The equilibrium
relationship reported by Schaube et al. [8] was based on the experimental approximation and
as stated by them, dependent upon the heating rates employed in the experiments. Variation in
the heating rates (between 0.03 and 10 K/min) can cause temperature variations ranging from
7-50 K. The theoretical equilibrium relationship reported by [3] was based on thermochemical
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values by [4]. The equilibrium relationship between P and T derived with the constant enthalpy
assumption corresponds well with those presented by [1] and [8]. Accounting for the
temperature dependence of reaction enthalpy leads to an equilibrium relationship that predicts
higher pressures than those indicated by the other relationships, all of which assume a constant
enthalpy change.
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Figure 2.5 Comparison of different Clausius-Clapeyron equations for Ca(OH)2/CaO system

Figure 2.6 shows the comparison of the five equilibrium relationships with some additional
experimental data including those reported by [9] who conducted high temperature hydration
reaction. As can be seen, all equations perform reasonably similarly at lower temperatures,

however, the variations are particularly apparent at temperatures above 750 K (1/T ~1.33 x 10
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%). The equilibrium relationship which incorporates the temperature dependence of reaction
enthalpy, Eqg. 2.35, seems to perform better at these conditions, as may be expected from

theoretical considerations.
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Figure 2.6 Comparison of different Clausius-Clapeyron equations for Ca(OH)./CaO with

reported experimental data points

Table 2.4 Comparison of equilibrium pressure values at different temperatures

Equilibrium pressure (kPa)

Schaube Criadoet Samms et This This
T (K) etal., [2] al., [3] al, [1] work work
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(Eq. (Eq.
2.35) 2.36)

623.15 1.648 1.872 2.516 1.596 1.884

673.15 7.619 7.469 9.763 7.327 9.012

723.15 28.503 24.605 31.406 27.241 34.716

773.15 89.904 69.475 86.85 85.451 112.326

823.15 246.636  172.929  212.286 233.29 315.115

2.3.3 Implication of the Derived Clausius-Clapeyron Equilibrium on Ca(OH)2/CaO and
ChHP System

ChHPs based on Ca(OH)2/CaO works on the principle of reversible chemical reaction where
the cycling of water between the hydration/dehydration reaction of Ca(OH)./CaO is
accomplished by means of a condensation-evaporation cycle. Figure 2.7 shows the dehydration
process in which Ca(OH)2 reacts endothermically at a medium temperature Tm (300-650°C)
and low-pressure P which is under atmospheric or sub-atmospheric pressure (1-100 kPa). The
reaction produces CaO(s) and H.O vapor that is driven out of the chemical bed. The vapor can
then be condensed by removing heat at a lower temperature Ty. In the hydration process, liquid
water is then pumped to a high-pressure Py (1-4000 kPa) and heated to the corresponding
saturation temperature Tsat. The resulting H20 vapor is driven into the high-pressure chemical
bed of CaO. This reacts exothermically, releasing heat at a high temperature Ty (350-800°C).

The operating conditions for the dehydration reaction are determined by specifying either T,
Ty, or P.: 1) Specifying the temperature of the reactor Twm fixes the pressure P and hence the
temperature T, needed in the condenser as dictated by the water vapor-liquid equilibrium; 2)
conversely, if the condenser temperature T_ is specified, then temperature Tm needed for
dehydration is determined by the reaction equilibrium corresponding to pressure Py; 3) Finally,
if the operating pressure Py is specified, then both the dehydration reaction temperature Twm
and the condensation temperature a T are fixed from the two equilibrium lines. The reaction

equilibrium line corresponding to Eq. 2.35 where temperature dependence of reaction enthalpy
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is accounted for lies to the right of the reaction equilibrium line corresponding to Eq. 2.34
where reaction enthalpy is assumed to be constant. For any operating pressure P (scenario 3
above), this leads to lower dehydration reaction temperature requirement according to Eq. 2.35
than Eq. 2.34. Similar lower reaction temperature requirement can be inferred for the situation
where the condensation temperature Ty is fixed. On the other hand, if the reaction temperature
Tw is fixed, then equilibrium pressure predicted by Eq. 2.35 and corresponding condensation
temperature are both higher than those predicted by Eq. 2.34. T, in almost all cases being sub-
ambient, this results in less severe heat removal duties for the condenser operation.

Similar implications for the hydration process can be inferred by considering the relationship
between Pu, TH, and Tsat. The ChHP is typically operated to boost the temperature to some
desired temperature Th. It can be seen that reaction equilibrium governed by Eq. 2.35 leads to
a higher value of Py than that governed by Eq. 2.34. Correspondingly, the saturation
temperature Tsat is also higher when Eq. 2.35 is used for describing the hydration reaction
equilibrium. This implies higher heat and pressurization duties for the water condensed during
the dehydration process. Conversely, if Tsat (or PH) are fixed, then a lower temperature boost
is predicted by Eq. 2.34 than that by Eq. 2.35.

Consideration of temperature dependence on enthalpy thus has significant implications for the
design and operation of the Ca(OH)./CaO ChHP. The operating conditions for the dehydration
step are likely to be less severe than those determined by ignoring the temperature dependence
of the reaction enthalpy. Conversely, more severe operating conditions will be required to
obtain any desired higher temperature or smaller temperature boost will be achieved at the
same conditions when temperature dependence of enthalpy is taken into account. In any case,
incorporating the temperature dependence of thermodynamic quantities will result in more

accurate equilibrium relationships that governs the system behavior.
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Figure 2.7 Derived Clausius-Clapeyron Ca(OH)2/CaO equilibrium line and water equilibrium

Nomenclature

Abbreviations

ChHP chemical heat pump

EOS equation of state

SRK Soave-Redlich-Kwong

TCS thermochemical energy storage
TES thermal energy storage

Latin symbols

a activity



asrK energy parameter
b molecular co-volume
B parameter required for calculation in Eq. 25
c parameter constant for enthalpy and entropy
f fugacity
G Gibbs free energy
H enthalpy
K equilibrium constant
M parameter required for calculation in Eq. 29
Ny number of species in reactant
Np number of species in product
N parameter required for calculation in Eq. 30
P pressure
Qin heat in
Qout heat out
R gas constant
S entropy
Tr reduced temperature
T temperature
molar volume
VA compressibility factor

Greek symbols

A difference

G constant of integration

v stoichiometric coefficient
(0] fugacity coefficient

® acentric factor

Subscript

30
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equilibrium
high

species

range or indices
low

medium

reaction
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Chapter 3 Kinetic Modeling of Ca(OH). Decomposition
3.1 Objective

The kinetic analysis of Ca(OH)./CaO is important in understanding the reaction and energy
storage/discharge rates for designing the ChHP system. Several studies on the kinetics of
Ca(OH). decomposition have been carried out, with various researchers reporting different
kinetic parameters and decomposition mechanisms [1-4]. The difference in the kinetic
parameters can be attributed to variations in the raw material composition, particle size,
alteration in experimental methods and instruments. Long et. al [5] studied the kinetic analysis
of Ca(OH)2 under non-isothermal decomposition at different heating rates using
thermogravimetric analyzer. MacCallum and Tanner [6] conclude in their study that the
activation energy and the formal reaction order must be determined only from the results of
isothermal decomposition processes. Gorbatchev and Logvineko [7] also observed
discrepancies in the kinetics determination under isothermal and non-isothermal conditions
and asserted the importance of isothermal kinetic study for the determination of kinetic
parameters. So, it is necessary to obtain the corresponding activation energy, rate constant and
pre-exponential factor under isothermal conditions for Ca(OH)./CaO system. Further, it is also
necessary to investigate whether the incorporation of an inert substance alters the kinetics of

the process.

This chapter describes a better understanding of the Ca(OH). decomposition Kinetics under
isothermal conditions and to examine the effect of an inert additive on the reaction rate. Kinetic
analysis of pure Ca(OH). decomposition at different temperatures was first conducted using a
thermogravimetric analyzer (TGA) yielding estimates of the kinetic parameters - activation
energy and Arrhenius constant. The second part of the study investigated and quantified the
kinetics of the Ca(OH). decomposition resulting from the incorporation of an additive material

— inert calcium titanate (CaTiO3) — at different compositions.

3.2 Materials and Methods

3.2.1 Reagents and apparatus
Calcium hydroxide powder (Ca(OH)2) >97.9% pure, was procured from J.T. Baker Chemicals,
98% purity, dso = 5.5um. CaTiO3z > 99.0% purity was obtained from Strem Chemicals. The



34

theoretical densities of Ca(OH), and CaTiOs are 2200 kg/m? and 3980 kg/m?, respectively.

Table 3.1 shows the chemical composition and characteristics of Ca(OH)2 and CaTiOa.

Solid reactant was pelletized using pellet press (TPD 0 Desktop tablet press) resulting in pellets
3.2 mm diameter x 5.6 mm height. The mass of individual Ca(OH). pellets ranged from 70-80
mg while that of the composite pellets ranged from 100-110 mg. The thermal decomposition
of Ca(OH)2 reaction kinetics for isothermal conditions was investigated on a TGA (TA

Instruments — Q500) thermal analyzer.

Table 3.1 Chemical composition of Ca(OH)2 and CaTiOs

Materials Composition

Ca(OH)2 Ca(OH)2,>97.9% Mg, alkali metal < 0.6% Sulfur compounds <
0.03%

CaTiOs CaTiO3 > 99.0% - -

3.2.2 Experimental Procedure

In order to study the kinetics of Ca(OH). decomposition under isothermal conditions, mass
loss from the pellets was monitored at five different temperatures - 400, 425, 450, 475 and
500°C - using the TGA. The pellet was heated to desired temperature at a heating rate of 15
K/min, and then maintained at that temperature for a maximum of 150 min. The experiments
were conducted under pure N2 environment by flowing the gas at a flow rate of 20 mL/min.
Fig. 1 shows the temperature profile for the decomposition temperature of 400°C. The mass
loss up to the temperature of ~120°C is attributable to the drying or removal of unbounded
moisture present in the sample. Subsequent mass loss was attributed to the decomposition
reaction, with the reaction during the heating period termed non-isothermal decomposition.
Once the temperature reached to desired isothermal temperature, the conversion was attributed

to isothermal conditions.
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Figure 3.1 Temperature program for thermal decomposition of Ca(OH).

3.2.3 Composite Material Synthesis

The Ca(OH). and CaTiO3 were blended in the lab-scale blender (Janke & Kunkel A10S2) 3
times for 20 mins each with the composition of 1:0.5 and 1:1 Ca(OH)2:CaTiOsz by weight %,
respectively. After the blending, the powder was dried in the furnace at 120°C for 5 hr. Once
the powder was dried, the pellets were formulated as described above. The kinetics of the
composite pellets was studied using the TGA following the same procedure mentioned in

section 3.2.2.

3.2.4 Ca(OH)2 Pellet Enhancement Concept

As Ca(OH), decomposes into CaO there is a decrease in the volume and particle size with the
liberation and removal of H20. During the hydration process, the H2O reacts with CaO to form
Ca(OH), and thus the volume increases, increasing the particle size. Repeated
dehydration/hydration cycles affect the structural integrity of the solid particles in the form of

pellets because of vapor transport in and out during reactions.
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When an inert agent such as CaTiOs is incorporated with Ca(OH)., the variation in the pellet
volume is reduced as the volume of the inert CaTiOz does not change during forward or reverse
reactions. The particles of inert CaTiOs act as a scaffolding for Ca(OH) particles and help
maintain the structural integrity of the pellet as shown in Fig. 3.2. The addition of CaTiOz as
inert agent helps increasing the reaction surface area which will be quite effective for

increasing the rate of reaction.

CaO

O particle
dehydration _ O e

hydration O O
Qo0

Ca(OH), CaTiO,

particle™ particle
CaTiOa Ca0o
particle particle

Ca(OH),
particle™

dehydration

hydration

Figure 3.2 A schematic representation of pellet enhancement process

3.3 Results and Discussions

3.3.1 Isothermal Decomposition of Pure Ca(OH)2

Fig. 3.3 (a)-(e) shows the TGA curves of Ca(OH). decomposition where % mass change and
temperature are plotted with respect to time at different maximum temperatures i.e., 400, 425,
450, 475, and 500°C, respectively. The mass loss in first 20 min is due to the loss of moisture
or unbounded water present within the sample. Initiation of Ca(OH). decomposition was
observed when the temperature reached ~370°C. Table 3.2 shows the % mass change at
different times for different maximum temperatures. The % mass change after the loss of
unbound moisture but before reaching the maximum temperature is attributed to non-
isothermal decomposition whereas % mass change after the temperature is kept constant once
maximum temperature is reached is due to isothermal decomposition. It can be observed from
the results that as the maximum temperature is increased the decomposition is faster, as can be

expected from higher rate constants at higher temperatures. With increase in maximum
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temperature, the % of mass change is contributed more by non-isothermal decomposition.
Results showed that the % mass change due to non-isothermal decomposition were 2.23% and

14.15% for maximum temperatures of 400°C and, 500°C, respectively.
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Figure 3.3 Percentage mass loss vs time at different maximum temperatures: a) 400°C; b)
425°C; ¢) 450°C; d) 475°C; e) 500°C

Table 3.2 Comparison of % mass change of pure Ca(OH). at different decomposition
temperature

Maximum Initial % mass % mass change % mass change  Final % mass
Temperature change at max. at max. at max. change at max.
(°C) temperature temperature temperature temperature
(time =50 min)  (time =80 min) (time = 180
min)
400 2.23 8.87 14.34 22.33
425 2.95 12.35 18.83 23.34

450 6.59 17.78 23.13 23.35
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475 10.77 19.59 23.65 23.70
500 14.15 23.52 23.67 23.80

The decomposition conversion (X) of Ca(OH): is calculated using Eq. 3.1 where m; is the mass
of pellet after time t; m; is the initial mass of the pellet; Mcaow)2 and Mcao are the molar mass

of calcium hydroxide and calcium oxide, respectively.
X = —5— (3.1)
1_—

Fig. 3.4 shows the conversion profiles with respect to time at different decomposition
temperatures based on the above results. It can be found that the conversion is faster at higher
decomposition temperatures as can be expected from the rate constant dependence on
temperature. At 500°C, the conversion was 96.5% within 50 min. Corresponding conversions
at the same time (50 min) for 475, 450, 435 and 400°C were 79.1%, 73.2%, 50.1% and 35.9%,
respectively. The final conversion for 500, 475, 450, 435 and 400°C were 98.47%, 97.78%,
96.01%, 95.85%, and 91.74% respectively.
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Figure 3.4 Conversion profile vs time at different isothermal temperature for decomposition
of Ca(OH):

3.3.2 Kinetics of Decomposition of Ca(OH)2

The rate of dehydration process is parameterized by variables: temperature, conversion, and
the mechanism function. Hence, the rate of conversion during decomposition process described
by Eq. 3.2.

ax

= = k(T (X) (3.2)
Where X is conversion, k(T) represents the rate constant and f(X) is the mechanism function.
The temperature dependence of the rate constant is shown in Eqg. 3.3, where E and A are the

activation energy and Arrhenius constant, respectively.
E
k(T) = Aexp(— =) (3.3)

For first order reaction, the f(X) is given by Eq. 3.4, and integral method is used to determine
the rate constant k. In a more general case, the function f(X), was assumed to be described by
the power law, that is, (1-X)", as shown in Eq. 3.5.
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FX)=1-X (3.4)

& = (1 - X)"k(T) (3.5)

A trial-and-error procedure was used to determine the reaction order with values of n being 0,
1, and 2 in the trials. Eg. 3.5 was integrated (assuming a constancy of the rate constant for
isothermal decomposition) and the resulting equations subjected to a linear regression fit with
the experimental data. The reaction was found to be first order (n =1), with a linear relationship
between In(1-X) and t exhibited by the experimental data as shown in Fig. 3.5 for the different
isothermal temperatures i.e., 400, 425, 450, 475, and 500°C, respectively. The results of
regression were not satisfactory with n = 0 or 2, indicating that the decomposition kinetics was

not zero and second order with respect to Ca(OH)2 concentration.

The rate constant values are obtained from the absolute value of the slope of the regression
line. The rate constant values at the different temperatures with the respective correlation
coefficients are presented in Table 3.3. The increase in rate constant values with temperature
can be seen from the table.
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Figure 3.5 Linear regression results for rate constant estimation for decomposition of
Ca(OH); at isothermal temperatures: a) 400°C; b) 425°C; c¢) 450°C; d) 475°C; e) 500°C

Table 3.3 Rate constant for Ca(OH). decomposition as a function of temperature

Isothermal Rate constant (k) Linear Regression Correlation
temperature (°C) (min™) Equation coeﬁigient
(R

400 0.0152 y =-0.0152x - 0.1126 0.9993

425 0.0256 y =-0.0256x - 0.1365 0.9988

450 0.0585 y =-0.0585x - 0.3273 0.9997

475 0.0756 y =-0.0756x - 0.6094 0.9991

500 0.172 y =-0.172x - 0.8486 0.9970

Eq. 4 is linearized, as shown in Eq. 3.6, for obtaining the values of the activation energy E and
the Arrhenius factor A. Fig. 3.6 shows the plot between In(k) vs 1/T.

Ink = (—Z)= + InA (3.6)
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Figure 3.6 Linear regression curve between In(k) vs 1/T for activation energy and Arrhenius
constant estimation for decomposition of Ca(OH)>

The correlation coefficient of the linear regression results is 0.9807 and the kinetic parameters
obtained are -12354 which corresponds to -E/R value and In(A) is 14.119. Thus, the activation
energy (E) obtained was 102.71 kJ/mol and Arrhenius constant (A) was 1.35 x 10° min™,

The error analysis of TGA measurements can be evaluated as given by Eq. 3.7 [8].

ug = \/ (Z—’;u(r))z + (g—ﬁu(x))z (3.7)

Where us is the system error, the mass inaccuracy of the electronic balance is £0.0001 mg and

the temperature inaccuracy of measurements is £0.01°C. The estimated error limit for TGA

system is 2.26%.

The error for activation energy and natural logarithm of Arrhenius constant can be obtained by
Eqg. 3.8.

Ug/ina = \JUs® + Upi? (3.8)
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Where usit is the fitting error for activation energy and natural logarithm of Arrhenius constant.
The analysis reveals the errors based on the linear regression value and TGA results for E to
be ~8.4% and ~9.4% for InA.

Incorporating the temperature dependence of the rate constant from Eq. 3.6 for first order
reaction leads to Eg. 3.9, and the obtained rate constant equation upon substitution of

experimental estimates of A and E is shown in Eq. 3.10.

L =k(1-X) (3.9)

—12354
k =1.35x 10%" 1 (3.10)
Integrating Eqg. 3.9 yields the following conversion-time relationship for isothermal

decomposition as shown in Eq. 3.11.
Xp=1—(1-X)e ™ (3.11)

The conversions calculated using the above equation are compared to the thermogravimetric
experimental data as shown in Fig. 3.7. The calculated and experimental values show good
agreement with the relative mean errors between the derived equation and experimental data
being 4.7%, 1.9%, 6.0%, 4.3% and 1.3% at 400, 425, 450, 475 and 500°C, respectively. The
maximum errors obtained between the mathematically derived equation and reported
experimental data are 10.6%, 6.4%, 8.1%, 5.9% and 3.4% at 400, 425, 450, 475 and 500°C,

respectively.



44

e Calculated X@400°C

o
o

------- Calculated X@425°C
= = (Calculated X@450°C
— - =Calculated X@475°C
----- Calculated X@500°C

Conversion (X)
o
(6, ]

©
'S

0.3 O Experimental X@400°C
A Experimental X@425°C
0.2 O Experimental X@450°C
0.1 X  Experimental X@475°C
¢ Experimental X@500°C
0 T T T T T T
0 20 40 60 80 100 120 140
Time (min)

Figure 3.7 Comparison of isothermal derived equation with experimental data

The temperature during the non-isothermal phase of the experiment can be described by the
equation T = To+ft, where, To is the initial temperature and f is the heating rate in K/min.
Under these conditions, the conversion-time relationship can be described by the following Eqg.
3.12, obtained by substituting the temperature-time relationship in Eq. 3.10.

—12354
ax

X — 1.35 x 10%eTotFt (1 — X) (3.12)

at

Eqg. 3.12, obtained for non-isothermal condition is numerically integrated further and the
comparison between the derived equation and experimental data is shown in Fig. 3.8. The
comparison is conducted at 500°C due to availability of adequate experimental data during the
non-isothermal period. The agreement between the calculated and experimental data indicates
that the rate expression based on the kinetic parameters obtained from the isothermal study can

accurately predict the conversion during the non-isothermal operation as well.
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3.3.3 Kinetic of Decomposition of Ca(OH)2 in Composite Ca(OH)2:CaTiOs Pellets
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Figure 3.9 Percentage mass loss vs time at different maximum temperatures for 1:0.5
Ca(OH)2:CaTiO3 composite pellet: a) 400°C; b) 425°C; ¢) 450°C
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Figure 3.10 Percentage mass loss vs time at different maximum temperatures for 1:1
Ca(OH)2:CaTiO3 composite pellet: a) 400°C; b) 425°C; c) 450°C

The kinetics of decomposition in the composite pellets with compositions of 1:0.5 and 1:1
Ca(OH)2:CaTiO3 was also studied using the TGA instrument as shown in Figs 3.9 and 3.10.
Figs. 3.11, 3.12 and 3.13 show the conversion plots with respect to time for pure Ca(OH)a,
1:0.5 and 1:1 Ca(OH).:CaTiOz at 400, 425 and 450°C, respectively. It can be observed from
these figures that the decomposition of Ca(OH) to CaO is faster for the composite pellets than
for pure Ca(OH).. Table 4 shows the time required to reach 85% conversion for Ca(OH)2 and
composite pellets of different compositions. The conversion for composite pellets was much
compared to Ca(OH)2 at maximum temperature of 400°C. The difference in their respective
times for 85% conversion was ~40 min. When the maximum temperature is increased, the
difference in time between the pure Ca(OH). pellets and Ca(OH).-CaTiOs composite pellets
for 85% conversion is reduced to 29 min at 425°C and ~12-15 min at 450°C as shown in Table
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3.4. As the maximum temperature increases, significant conversion takes place during the non-
isothermal stage. From the above results, it can also be clearly seen that CaTiOs-Ca(OH):

composite pellets exhibit higher decomposition rates compared to pure Ca(OH). pellets. One

of the possible reasons is that CaTiOs increases the surface area available for the reaction which

450

effectively increases the rate of reaction.
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Figure 3.11 Conversion of inert modified Ca(OH)2 pellet at maximum temperature of 400°C
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Figure 3.12 Conversion of inert modified Ca(OH)2 pellet at maximum temperature of 425°C
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Figure 3.13 Conversion of inert modified Ca(OH)2 pellet at maximum temperature of 450°C

Table 3.4 Comparison of time required to achieve respective conversion at different
maximum temperature

Time taken for 85% conversion (min)

Maximum
Temperature Ca(OH): 1:0.5 11
(°C) Ca(OH).:CaTiO3 Ca(OH).:CaTiO3
400 143 103 102
425 94 65 65
450 60 48 45

The X-Ray Diffraction (XRD) analysis shown in Fig. 3.14 is of 1:1 composite pellet before
and after decomposition at 450°C with a conversion of 93.5% providing the qualitative
information about the crystalline phases present in the composite pellet after and before
decomposition. No new crystalline phases are detected, and all original crystalline phases are

present showing the stability of the composite pellet. The CaO peaks intensity increased after
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the decomposition, but presence of Ca(OH). also verify that the pellet did not achieve full
conversion. The XRD results also showed that the presence of CaTiOzacts as inert which does
not react with Ca(OH). under the operating conditions which was also confirmed by Sakurai
etal. [9].

Before decomposition
A Ca(OH),

A e CaO

%* CaTiO,

0 10 20 30 40 50 60 70 80
26 (")

Figure 3.14 XRD diffraction patterns of composite pellet before and after decomposition

The kinetic parameters were estimated using similar approach as mentioned for kinetic analysis
of pure Ca(OH)>. Plotting the mechanism function In(1-X) vs t results in straight lines, with
the slope of the line providing an estimate of the rate constant (k). The mechanism function
In(1-X) is used as it is assumed to be first order reaction and it is verified by the correlation
coefficient of the fitted linear regression line. Fig 3.15 shows the linear regression results at
temperatures of 400°C, 425°C and 450°C, respectively for 1:0.5 Ca(OH).:CaTiOs. Fig. 3.16
shows the regression results for temperatures of 400°C, 425°C and 450°C, respectively for 1:1
Ca(OH).:CaTiOs. The rate constants obtained at different isothermal temperature for 1:0.5 and
1:1 Ca(OH).:CaTiO3z composition are shown in Table 3.5. Correlation coefficient values
showed that the reaction is still first order when CaTiOs is added with Ca(OH). for

decomposition process.
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Figure 3.15 Linear regression results for rate constant estimation at 400°C, 425°C and 450°C
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Figure 3.16 Linear regression results for rate constant estimation at 400°C, 425°C and 450°C

isothermal temperatures for decomposition of 1:1 Ca(OH)2:CaTiOs
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Table 3.5 Rate constant for 1:0.5 and 1:1 Ca(OH)2:CaTiO3z decomposition as a function of

temperature
Isothermal 1:0.5 Ca(OH)2:CaTiO3 1:1 Ca(OH),:CaTiO3
temperature Rate constant Correlation Rate constant Correlation
(°C) (K) coefficient (R?) (k) coefficient (R?)
(min?) (min™?)
400 00249 0.999 00239 0.9997
425 0.043 0.9935 0.0487 0.9992
450 0.1004 0.9999 0.1186 0.9993

The activation energy (E) and Arrhenius constant (A) for 1:0.5 and 1:1 Ca(OH)2:CaTiOs
composition were estimated by plotting In(k) vs 1/T as shown in Fig. 3.17. For 1:0.5
Ca(OH)2:CaTiOs, the slope of the line -13534 corresponds to -E/R, thus obtaining activation
energy (E) as 112.52 kJ/ mol. The constant obtained from liner regression fit 16.356
corresponds to In(A). the error based on the linear regression value and TGA results for E is
about 13.1% and for In(A) is 13.2%. For 1:1 Ca(OH).:CaTiOs, the slope of the line -15568
corresponds to -E/R, yielding 129.43 kJ/mol as the activation energy (E) and In(A) value is
19.356 which is estimated from the constant obtained from the linear regression. The error
based on the linear regression value and TGA results for E is about 8.6% and for In(A) is 9.7%.
It can be clearly observed from the obtained results that the addition of CaTiO3z which acts as
inert agent significantly increases the kinetic parameters — activation energy and Arrhenius
constant — and consequently, the rate constant. When comparing 1:1 Ca(OH).:CaTiO3z to 1:0.5
Ca(OH)2:CaTiO3, the activation energy and In(A) are higher for the 1:1 mixture.
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Figure 3.17 Linear regression curve between In(k) vs 1/T for activation energy and Arrhenius
constant estimation for decomposition of 1:0.5 and 1:0.5 Ca(OH).:CaTiO3

3.3.4 Comparison of kinetic parameters for Ca(OH)2 and composite pellet with

reported data

Table 3.6 shows a comparison between the literature-reported rate parameters from non-
isothermal kinetic studies and the parameters determined from isothermal experimentation in

the present study.

Table 3.6 Comparison of kinetic parameters of pure Ca(OH)2 and composite pellet

Kinetic Non-Isothermal Isothermal (This work)
Parameters (Long et. al [5])
Ca(OH)2 Ca(OH)2 1:.0.5 1:1
Ca(OH),:CaTiOs Ca(OH)2:CaTiOs
E (kJ/mol) 115-140 102.71 112.52 129.43
InA (min™) 16-23 14.119 16.356 19.356

Minor discrepancy can be seen in the values of activation energy, but the natural logarithm of

Arrhenius constant agrees well under non-isothermal and isothermal conditions for pure
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Ca(OH)2. The study by Gorbatchev and Logvineko [7] mathematically proved estimation of
kinetic parameters must be determined from the results of the isothermal conditions of the
decomposition processes. The other key reason for the discrepancy in activation energy is the
transformation process for the same material which proceeds with different formal reaction
order or mechanism function depending on the experimental conditions. The higher the
reaction’s formal order, the higher the activation energy’s effective value [6]. Secondary
explanation for the discrepancy in kinetic parameters is that there is a temperature gradient
present within the sample during non-isothermal conditions, which can lead to the uncertainty
associated with actual reaction temperature. Under isothermal condition, the kinetic parameters
increases significantly when composite pellets are used compared to pure Ca(OH)2 as addition
of CaTiOs with Ca(OH): acts as scaffolding helping structural integrity, but it also increases
the reaction surface area which directly helps in increasing the rate of the decomposition

reaction.

3.3.5 Structure and Mechanical Compressive Strength Analysis

(@

Figure 3.18 Pellet after the first decomposition of Ca(OH).: (a) pure Ca(OH)., (b) composite
pellet

Pure Ca(OH). pellet after the decomposition developed some cracks but no cracks were
observed on the composite pellet surface, as shown in Fig. 3.18 (a) and (b), respectively. It can
be observed that composite pellet modified with CaTiOs affects the kinetics of dehydration-
hydration reaction significantly, but it decreases the quantity of reactant present in the pellet
of same size. So, while designing the chemical reactor for Ca(OH)2/CaO reaction, we need to
account for this decrease in reactant quantity because of addition of inert agent. Table 3.7
shows the compressive strength (Satec T5000) of Ca(OH). and composite pellets before
decomposition and results showed that addition of CaTiOgz increases the mechanical strength
of the pellets by >55%.
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Table 3.7 Compressive strength of Ca(OH). and composite pellets before decomposition

Sample Compressive strength
(kg/cm?)
Pure Ca(OH)2 pellet 104.1
Composite pellet (1:0.5) 161.8

Composite pellet (1:1) 168.7

Nomenclature

Latin symbols

A Arrhenius constant, (min)

E Activation energy, (J mol™)

k Rate constant, (min™)

m Mass of pellet, (g)

M Molecular mass, (g mol™?)

R Gas constant, (J mol™* K1)

t Time, (min)

T Temperature, (K)

u Error, (percentage)

X Conversion, (dimensionless)

subscript

Ca(OH). Calcium hydroxide



CaO

Calcium oxide

Final

Initial

Natural logarithm of Arrhenius constant
System

Time
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Chapter 4 Cyclability Study of Ca(OH)./CaO Dehydration-
Hydration Reaction at Bench-Scale

4.1 Objective

This chapter reports upon Ca(OH)./CaO ChHP studies conducted at using both differential
thermal analysis (DTA, consisting of thermogravimetry and differential scanning calorimetry),
and a bench scale laboratory setup consisting of a chemical reactor system was designed to
study the dehydration of Ca(OH): at different decomposition temperatures and hydration of
CaO under repeated cycles. Both the DTA and bench-scale experiments were conducted using
pellets of Ca(OH)./Ca0. Repeated dehydration-hydration cycles of Ca(OH)./CaO reaction
were conducted in the bench-scale system to study the effect of the reaction temperature on
the conversion, gross-energy and exergy flows. Energy and exergy efficiencies were
determined incorporating the effects of temperatures on thermodynamic properties for
increased accuracy. Structural morphology changes associated with the repeated cycles were
also examined. Preliminary sets of experiments were performed with pure Ca(OH)2 pellets for
six repeated cycles. Final sets up experiments were preformed using composite pellets (1:0.5
Ca(OH).:CaTiOs by wt%) for twenty repeated cycles. Compressive strength of the composite

pellets after every cycle was also reported.

4.2 Experimental Investigation
Experimental setups and procedures for DTA and bench-scale systems are discussed under

sections 4.2.1 and 4.2.2, respectively.

4.2.1 Experimental Setup

The DTA experiments were conducted using a thermogravimetric analyzer-differential
scanning calorimetric (TGA-DSC) thermal analyzer, while the bench-scale experiments were
conducted in a custom chemical reactor. The capacities of the two setups are ~100 mg and
~300 g (of Ca(OH)z>), respectively.

4.2.1.1 TGA-DSC Instrument

The TGA-DSC experiments were performed in a Netzsch thermal analyzer (Netzsch TGA-
DSC STA 409 PC), shown in Fig. 4.1. The Netzsch device is mainly composed of

thermocouple, a reactor, a heating element, a sample carrier, and a cooling pipe. A calcium
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hydroxide sample pellet is loaded into the alumina crucible and subjected to temperature

program as described in section 4.2.2.1.

Figure 4.1 Netzsch TGA-DSC instrument

4.2.1.2 Laboratory Bench-Scale Chemical Reactor

A schematic of the bench-scale experimental setup is shown in Fig. 4.2. It consists of a 2.5”
diameter x 9” height SS 304 chemical reactor connected through a high temperature valve to a
4.4” diameter x 8” height aluminum vessel that functioned as both a condenser (during
dehydration) and an evaporator (during hydration). Both the vessels had provision for electrical
heating through band heaters (350W and 700W). The aluminum vessel also had a provision
for cooling through an internal copper cooling coil which was connected to a refrigerated bath
circulating water at sub-ambient temperature (5-10°C). A vacuum pump connected to the
condenser/evaporator vessel used to manipulate the reaction pressure for sub-ambient
operation. A high temperature valve allowed isolation of the reactor from the
evaporator/condenser. Both the vessels were placed on electronic weighing scales (Uline Easy
Count scale, 60+0.002 Ibm/28000+1 g) to measure mass gain/loss in them. Thermocouples (K-
type, 12 in., -226-926°C) were installed in both vessels for temperature measurements,
measuring the center temperature and inserted 3/4th of the vessel height from the top. Fig. 4.3
shows a photo of the experimental set up, without the insulation that covered the vessels and
the piping during experimental runs. Ca(OH). (J.T. Baker Chemicals, 97% purity, d50 =
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5.5um) was formed into 8 mm diameter x 7 mm height pellets using pellet press (TPD 0

Desktop tablet press), and packed into the reactor for dehydration experiments.

Chemical reactor
Thermocouple
Band heater
Distribution tube
Weighing scale
Valve
Condenser
Cooling coil
Vacuum pump
Refrigerator bath

10

© oo ~NOoOO, R WwN =

e
(=)

Figure 4.2 Schematic of the experimental setup

Figure 4.3 Lab scale experimental setup (left side: chemical reactor; right side:
condenser/evaporator)

4.2.2 Experimental Procedure
The experimental procedures for the TGA-DSC and bench-scale dehydration-hydration

experiments are described in sections 4.2.2.1 and 4.2.2.2, respectively.
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4.2.2.1 TGA-DSC Analysis

In this experiment, a pellet of Ca(OH). with a mass of 70+2 mg and dimension 8 mm diameter
X 7. mm height is placed in the alumina crucible, which in turn is placed in the sample chamber
of the instrument. The experiment consists of raising the sample temperature from ambient
conditions (~20°C) at a specified heating rate (3 K/min - 10 K/min) to a final temperature of
650°C. Sample mass loss and calorimetric data are acquired and recorded automatically by the

instrument.

4.2.2.2 Bench-Scale Chemical Reactor

The Ca(OH)2/Ca0 reactions takes place in two steps: (i) dehydration process, which is an
energy charging step, and (ii) hydration process, which is an energy discharging step. The
pellet density of Ca(OH), was 1.36 g/cm? and the pellets were 62% dense as to keep water
vapor transport in and out during the dehydration-hydration processes. The bulk packed density
of the chemical bed was 0.6 g/cm? and packed fraction of the chemical bed ~55%. The detailed

operating procedures are described below:
Dehydration/Charging Process

Approximately 285+5 g of Ca(OH). pellets are placed in the chemical reactor, and air is
evacuated from the chemical reactor using the vacuum pump to achieve a pressure less than 1
torr. After evacuation, the valve between the reactor and the condenser is closed. Water is
injected into the condenser, and the refrigerator bath is switched on, with the water bath
temperature maintained at 20°C to maintain the pressure of 2.4 kPa in the condenser. Then the
band heater on the chemical reactor is started and, once the chemical reactor temperature
reaches 200°C, the valve is reopened and the chemical reactor is further heated to 400-550°C.
Dehydration is carried out at a pressure of 2.4 kPa, corresponding to the water-bath
temperature. Once the decomposition starts, the water vapor generated in the reactor flows into
and is condensed within the condenser. The overall dehydration time varies from 180-200 min
and the reaction are assumed to be complete when there is no change in the mass recorded as
a function of time in the chemical bed. Two weighing balances - one on the chemical reactor
side and other on condenser side, are used to verify that the amount of water vapor leaving the
chemical reactor equals to the amount of water vapor condensed in the condenser. The loss of

mass in chemical bed was observed to be equal to the gain in mass of water in condenser during
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dehydration and vice versa during hydration process. No scattering of values was observed in

the balance readings due to vibration or any thermal expansion effects.
Hydration/Discharging Process

In the hydration process, the chemical reactor bed contains CaO and the entire system is
evacuated using the vacuum pump, following which the high temperature valve is closed.
Water is injected in the evaporator, and the band heater on evaporator switched on. The
evaporator is heated to 150°C. The hydration-process pressure is equivalent to the saturated
vapor pressure of steam at 150°C, which is around 470 kPa (= 68 psi). To maintain stable
pressure of 470 kPa, evaporator temperature was kept constant at 150°C. The chemical
reactor’s side-band heater is also started, and the temperature inside the chemical reactor is
brought up to 155-160°C (to avoid condensation of steam in the chemical reactor). Once the
temperature inside the chemical reactor is stable, the high temperature valve is opened and the
water vapor from the evaporator is introduced into the chemical reactor. Exothermic hydration
reaction occurs between the water vapor and CaO pellets, as indicated by the increase in the

reaction temperature and the hydration time varies from 170-200 min.

4.2.3 Experimental Data Analysis

In thermal charging and discharging, the chemical-bed mass is continuously changing with
release or absorption of water vapor in the bed. The mole fraction x(t) of the reactant Ca(OH)>
is calculated by Eq. 4.1 [1]:

m(t)  Mcgo

Wi McqoH
x(t) =~z (.1)

Mca(0H),

where m(t) is the mass of the chemical bed during the reaction in grams, w; is the initial mass

of Ca(OH)2 in grams, M¢,(omy,and Mcqo are mole mass of calcium hydroxide and calcium

oxide respectively in grams per mole.

Thermal energy input, output of the charging and discharging steps and energy efficiency can

be calculated using the Egs. 4.2, 4.3 and 4.4, respectively [2,3].

1

qi = '(AHr(l - xd) + Qs) (42)

Mca(on),
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1
o = Mca(on), | (AHr(xh - xd,end) + Qconda)
(4.3)
e “ (4.4)

qi

Exergy availability and output exergy of the system, and the exergy efficiency can be
calculated using the Eqgs. 4.5, 4.6 and 4.7, respectively. Exergy is a useful quantity that stems

from the second law of thermodynamics and reflects the quality of energy [4].

1 Ty Ty
EX,av = Mca(om . [AHr(l - xd) (1 - T_) + Qs (1 - F)] (4-5)
a 2 r s
1 Ty Ty
EX,out = Mcacom . [AHr (xh - xd,end) (1 - T_) + Qcond ( - F)] (4-6)
a 2 r s
Ex,o E ,av_E )
rlex - Ex av - XEX ale (47)

where @i is the amount the thermal energy input per unit mass of Ca(OH)2, kJ/kg; Qo is the gross
heat output per unit mass of Ca(OH)2, kJ/kg; AH; is calculated molar enthalpy of reaction
kJ/mol; x4 is the mole fraction of reactant during dehydration process; Qs is the sensible heat
required to heat the chemical reactor and evaporator kJ/mol; xn is the mole fraction of the
reactant during the hydration process; and Xgend iS the reacted fraction of the previous
dehydration process; Qcond heat of condensation of the water vapor kJ/mol; Exav is the exergy
available kJ/kg; Ex,. is the exergy output kJ/kg; Ta is the ambient or reference temperature; T
and Tsare the reaction temperatures and sensible heating temperatures, respectively; ner IS the

energy efficiency and nex is the exergetic efficiency.

4.3 Results and Discussion

4.3.1 Thermal Gravimetric Analysis

TGA-DSC curves are shown in Figs. 4.4 and 4.5 for experiment conducted at the heating rates
of 3, 5 10, 15 and 20 K/min, respectively. The Fig. 4.4 shows the mass loss in
thermogravimetric measurements with respect to the temperature profile at different heating
rates, while the Fig. 4.5 shows the heat effects in calorimetric analysis with respect to
temperature profile at different heating rates. Three distinct regions and mechanisms of mass
loss can be identified from the thermogravimetric curves: (i) Mass loss m; attributable to the
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removal of unbound or absorbed moisture, (ii) Mass loss m attributable to Ca(OH)2
decomposition - the first decomposition, and (iii) Mass loss ms attributable to decomposition
of CaCOg present in small quantity as an impurity - the second decomposition. The mass loss
curves indicate that most of the loss occurred in the temperature range 400-600°C depending
upon the heating rates, concomitant with the peak of the DSC curve, and was associated with
the dehydration reaction of Ca(OH).. The gradual mass loss at temperatures lower than 200-
250°C could be associated with physical drying of the solid (loss of unbound moisture). The
percentage mass change (m1) because of physical drying of the reactant was 1.5+0.75%. The
percentage mass loss because of decomposition (mz) were 20.4-22.8% at heating rates ranges
from 3-20 K/min as shown in Table 4.1. The theoretical mass loss for complete dehydration of
Ca(OH). is 24.3%, indicating the extent of conversion was 90+5% in the five sets of
experiments. The onset temperature for the decomposition reaction varied with increasing
heating rates as onset temperatures were 400, 420, 430, 440 and 4500C for 3, 5, 10, 15 and 20
K/min respectively. The conversion plateaued at temperature 550, 560, 590, 610 and 630°C
for heating rate of 3, 5, 10, 15 and 20 K/min respectively. The decomposition temperature was
found to increase with increasing the heating rates. The percentage mass loss (ms) for second
decomposition was between 1.25+0.5% because of CaCOs present in Ca(OH)2 samples getting

decomposed at higher temperatures.

The area under the curve in Fig. 4.5 gives the reaction enthalpy associated with the
decomposition of Ca(OH).. The reaction enthalpies associated with heating rates 3, 5, 10, 15
and 20 K/min are 570.31, 596.8, 640, 630.3 and 581.8 J/g respectively. The highest conversion
was obtained while operating under 10 K/min heating rate. The conversion between 5 K/min
and 15 K/min were almost equal but 15 K/min had higher reaction enthalpy associated with it.
It can be concluded from the above results that the optimum heating rate for the decomposition
of Ca(OH)2 ranges from 10-15 K/min. The reaction enthalpy reported is lower than the
standard reaction enthalpy at 25°C because as the temperature increases the reaction enthalpy
decreases. The influence on the carbonation of CaCOs was not significant in the conversion
and reaction enthalpy determination as the CaCOs content in Ca(OH). pellet was
comparatively small, i.e., ~1.5% as per the analysis supplied by the vendor as also confirmed
by TGA and DSC curves. The pellets were handled such that exposure to atmosphere was
minimized to prevent any carbonation. The area under the DSC curve which is the indicator of
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the reaction enthalpy was unaffected by decomposition of carbonate, which takes place at
higher temperatures as reported by Sun et al. [35]. The enthalpy of decomposition of Ca(OH)2
increased with increase in heating rate, but excessive heating rate can lead to inadequate
reaction thus decreasing the reaction enthalpy. The TG curve progressively moved to high
temperature region as heating rate increased. The results reported are consistent with the
observations of Long et al. who used powdered samples weighing ~7 mg and reported reaction
enthalpy ranging from 650-780 kJ/kg [5].

Table 4.1 Percentage mass loss and reaction enthalpy of Ca(OH): at different heating rate

Heating Rate % Mass Change % Mass Change % Mass Change Reaction

(K/min) (m1) (m2) (ma) Enthalpy
(kJ/kg)
3 2.10 20.45 1.44 570.1
5 1.19 22.42 1.10 596.8
10 0.96 22.74 1.04 640
15 0.63 22.57 0.96 630.3

20 1.45 21.16 0.96 581.8
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Figure 4.4 The TGA percentage mass loss vs temperature curve of Ca(OH). decomposition at
different heating rates
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Figure 4.5 The DSC heat vs temperature curve of Ca(OH). decomposition at different
heating rates

4.3.2 Preliminary Experimental Results and Analysis of Pure Ca(OH)2 Pellets
4.3.2.1 Dehydration/Charging Process

Dehydration of the Ca(OH)2 charged into the reactor was accomplished by increasing the
reactor temperature using electrical heating. Each dehydration was followed by the hydration
reaction to reformulate the Ca(OH). from the CaO formed at the end of the dehydration. Six

dehydration-hydration cycles were conducted with the material charged initially in the reactor.

Fig. 4.6 shows the reactor center temperature and unreacted mole fraction of Ca(OH)2 as a
function of time for the six cycles. As mentioned above, the valve between the reactor and the
condenser was kept closed at the beginning of each dehydration experiment. The valve was
opened at around 45 min when the chemical reactor temperature was 280°C for all six cycles.
The peak temperatures of Cycles 1 and 2 were 540 and 535°C, respectively. The peak
temperature of the dehydration for this experiment depends upon when the heater was turned
off. The peak temperatures of Cycles 3, 4, and 5 were 475, 477, and 480°C, respectively. The

peak temperature of Cycle 6 was 570°C, which was the highest among all temperatures. In the
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initial 60 min, the reaction decomposition rate was slow at a temperature of 340°C, as shown
in Fig. 4.6. Once the chemical reactor temperature reached 390°C, at around 70 min,
dehydration rate started to surge gradually, and at temperatures higher than 410°C, the
dehydration rates were quite high. In all six cycles, the majority of the decomposition took
place between 70 and 125 min, and it can be observed that most of the conversion took place
then. After 125 min, the decomposition rate was slow, and little change in the conversion can
be seen in Fig. 4.6. The heater is turned off at 180 min when no significant change in the mass
of the chemical bed was observed. The gradual decrease in the temperature curve in Fig. 4.6
between time intervals 60-120 min is due to the storage of thermal energy in chemical bonds

via the endothermic reaction.
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Figure 4.6 Chemical reactor center temperature and unreacted mole fraction vs time during
dehydration reaction (Pressure = 2.4 kPa)

In Cycle 1, the decomposition peak temperature was 540°C, and the unreacted mole fraction
after 200 min decreased from 1 to 0.18. In Cycle 2, the decomposition peak temperature was
535°C, which was almost the same as Cycle 1, and the unreacted mole fraction after 200 min
decreased to 0.21. In Cycles 3, 4 and 5, the decomposition peak temperatures were almost the
same: 475, 477, and 480°C, respectively, and the unreacted mole fractions were 0.24, 0.28 and
0.27, respectively. In Cycle 6, the decomposition peak temperature was 570°C, and the

unreacted mole fraction was 0.20. This shows that, at different dehydration temperatures,
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decomposition reactivity also changes. At higher dehydration temperatures, the decomposition
increases because of high reaction rate. Cycles 1 and 6 had higher conversion rates which is
calculated from unreacted mole fraction of Ca(OH). because of the higher dehydration
temperature which depends primarily on system pressure and heater power.

4.3.2.2 Hydration/Discharging Process

Fig. 4.7 shows the reactor center temperature and mole fraction of Ca(OH)2 as a function of
time under repeated cycles and pressure of 470 kPa. The chemical reactor center temperature
was maintained at 155-160°C, and the evaporator temperature was maintained around 148—
150°C, and corresponding steam pressure was around 470 kPa. After the valve was opened at
around 50 min, steam entered the chemical reactor, and hydration of CaO took place, as shown
in Fig. 4.7. The peak temperature of Cycles 1, 2, 3, 4, 5, and 6 were 348, 332, 273, 283, 325,
and 345°C, respectively, at a pressure of 470 kPa. Cycles 1, 2, and 6 showed higher
temperature increases than the other cycles; conversions in the preceding dehydration cycles
corresponding to those temperature were 0.82, 0.79, and 0.80 respectively. Cycles 3, 4, and 5
showed a relatively low temperature rise compared to other cycles, with lower conversions in
the dehydration steps preceding them: 0.76, 0.72, and 0.73, respectively. The hydration reached
peak temperature at around 160 min, and then it started to decrease. The hydration rate was
high—Dbetween 120 and 160 min—after which hydration rates slowed as calculated by the
change in mass of the chemical bed.

Cycle 1 mole fraction of Ca(OH)2 increases from 0.18 to 0.98, for cycle 2 0.21 to 0.98, for
cycle 3 0.24 to 0.97, for cycle 4 0.28 to 0.97, for cycle 5 0.27 to 0.98 and for cycle 6 0.2 to
0.98. The final mole fractions of Ca(OH). are close to complete conversion (nearly~1) but
initial values depend upon the previous dehydration conversion rate. The smaller the
conversion during dehydration, the lower the temperature lift and mole fraction reacted during
hydration reaction. The maximum temperatures reached during the hydration experiments
were slightly lower than the equilibrium temperature at 470 kPa as shown in the Clausius-
Clapeyron diagram. The two major factors that are likely responsible for this discrepancy are:
i) a fraction of the exothermic heat of reaction released from the chemical bed went into heating
the SS reactor, and ii) ~6-7% of energy was lost by natural convection to the atmosphere
despite the experimental setup being insulated.
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Figure 4.7 Chemical reactor center temperature and mole fraction of Ca(OH)2 vs time during
the hydration reaction (Pressure ~ 470 kPa)
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4.3.2.3 Enthalpy Calculations
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Figure 4.8 Energy storage/release process in a Ca(OH)2/Ca0O system under different
decomposition temperatures

The enthalpy of the reaction at different temperatures during dehydration and hydration is
calculated using Hess’s Law as shown in Fig. 4.8, where TO = 25°C and T1 is the temperature
at which dehydration and hydration is occurring. The black continuous lined box shown in Fig.
4.8 is the energy storage cycle or dehydration process while the dashed lined box shows the
energy release cycle or hydration process. Thermal heat input and output to the system were
calculated using these temperature-dependent enthalpies based on the average temperature
between the times the valve is opened and is closed. Table 4.2 and Table 4.3 show the resulting
reaction enthalpies at different average decomposition and hydration temperatures,
respectively. It can be seen that the reaction enthalpy decreases with increase in decomposition

temperature.

Table 4.2 Reaction enthalpies during dehydration at different decomposition temperatures for

Ca(OH)/Ca0 system
Decomposition  AHo (kJ mol-  AHz (kJ mol AHa (kJ AHz3 (kJ mol AHg (kJ

Temperature D) b mol™?) b mol™?)
(C)
390 63.6 -41.32 19.09 55.32 96.69
404 63.6 -42.91 19.82 55.84 96.35
408 63.6 -43.36 20.03 55.98 96.25
426 63.6 -45.40 20.97 56.67 95.84
431 63.6 -45.96 21.23 56.85 95.72
465 63.6 -49.81 23.01 58.13 94.93
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Table 4.3 Reaction enthalpies at different hydration temperatures for Ca(OH)./CaO system

Hydration  AHop(kJ mol" AHa(kJ mol- AHs (kJmol- AHs (kJ mol-  AHjy (kJ mol

Temperature h h o) o) h

Q)

273 -63.6 -12.97 -54.04 28.08 -102.53
283 -63.6 -13.49 -51.39 29.21 -99.27
325 -63.6 -15.69 -52.93 33.97 -98.25
332 -63.6 -16.05 -53.18 34.76 -98.07
345 -63.6 -16.74 -53.67 36.23 -97.78
348 -63.6 -16.89 -53.77 36.57 -97.69

4.3.2.4 Energy, Exergy and Efficiency Calculations

The calculated gross heat input-outputs at different temperatures under repeated cycles during
dehydration-hydration are shown in Fig. 4.9. Gross heat calculations were made based on per
kg of Ca(OH).. Specific heat capacities of Ca(OH), and CaO used for the calculations were
1530 and 934 J/kg K, respectively [6]. The processes considered for calculating gross heat
input and available exergy included: (i) heating of the chemical bed to the corresponding peak
temperature for different cycles for dehydration, (ii) reaction enthalpy during dehydration, (iii)
heating of the chemical bed to 150°C during hydration, and (iv) heating the water and
generating vapor in evaporator at 150°C during hydration. The processes considered for gross
heat and exergy output calculations: (i) the heat of condensation of water vapor from the
corresponding peak temperature from dehydration, and (ii) the reaction enthalpy during
hydration. Gross heat input is the function of the unreacted mole fraction, which is itself a
function of dehydration temperature. Cycles 1, 2, and 6 showed the highest gross-heat input
2419, 2386.5, and 2439.7 kJ/kg, respectively. Cycles 3, 4, and 5 showed gross heat input of
2303.8, 2246.4, and 2222.30 kJ/kg respectively which is on the lower side compared to cycles
1,2, and 6 because of low dehydration temperatures and low unreacted-mole fractions.
Expressed on a volumetric basis, the gross heat inputs for cycles 1-6 were 1451.40, 1431.90,
1382.28, 1347.84, 1333.38 and 1463.82 MJ/m?, respectively. Gross output depends on both
the mole fraction that reacts during hydration as well as the unconverted mole fraction of
Ca(OH). during the dehydration process. Cycles 1, 2, and 6 showed the highest thermal output:
1878.7, 1848.6, and 1876.9 kJ/kg, respectively. Cycles 3, 4, and 5 showed thermal heat output
of 1797.2, 1707.7, and 1738.3 kJ/kg, respectively, because of the low extent of reaction from
the dehydration process. On a volumetric basis, the gross heat output values for cycles 1-6
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were 1127.22, 1109.16, 1078.32, 1024.62, 1042.98 and 1126.14 MJ/m?3, respectively. The
gross input energy is comprised of sensible heating and energy due to chemical reaction and
gross heat output due to condensation of water vapor and energy due to chemical reaction are
shown in Table 4.4. Above calculations do not include the sensible heat needed to heat up the
SS reactor and aluminum vessel used as evaporator. Table 4.4 shows that the system
accumulates heats sensibly more than chemically. This is a consequence of the procedure used
in conducting the experiments where the system was cooled down to ambient conditions after
each reaction step, so a sample of pellet could be withdrawn for examination of structural
integrity. Consequently, both the reactor vessel and reactants needed to heat back to ~150°C
for the hydration step. This was accomplished by electrical heating. Subsequent exothermic
hydration step resulted in the increase in the temperatures of the reactor bed and vessel. As a
portion of the reaction enthalpy got used in raising the vessel temperature, the reactor bed
temperature did not reach the equilibrium temperature expected from the Clausius-Clapeyron
diagram. In the practical operation, the system will not be cooled down after the dehydration
step, and minimal energy will be diverted to heating of the reactor vessel, enabling the bed to
reach the expected high temperatures.

Table 4.4 Gross heat input-output at different repeated cycles for Ca(OH)2/CaO system*

Cycle Gross energy input Gross energy output (kJ/kg)
No. (kJ/kg)
Sensible Chemical Total  Condensation  Chemical Total

heat reaction gross reaction gross

energy energy

input output

1 1366.70 1052.30 2419 824.60 1054.10 1878.7
2 1370.50 1016 2386.5 822 1026.60 1846.6
3 1320.25 983.50 2303.8 790.80 1006.60 1797.2
4 1316.32 930 2246.4 791.80 915.90 1707.7
5 1277.60 944.70 2222.3 793.24 945 1738.3
6 1414.70 1025 2439.7 840.40 1036.50 1876.9

*The energy input-output values on a gravimetric basis (kJ/kg) are converted to volumetric
basis by multiplying with the packed density of 600 kg/m?
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Figure 4.9 Gross heat energy after repeated dehydration-hydration process

The calculated exergy available-output at different temperatures under repeated cycles during
dehydration-hydration are shown in Fig. 4.10. In Cycles 1, 2, and 6 showed the highest exergy
available: 1185.26, 1158.49, and 1231.48 kJ/kg, respectively. Cycles 3, 4, and 5 showed exergy
available of 1093.97, 1043.69, and 1069.15 kJ/kg respectively which is on the lower side
compared to cycles 1,2, and 6 because of low dehydration temperatures and low unreacted-
mole fractions. Expressed on a volumetric basis, the exergy available for cycles 1-6 was
711.15, 696.09, 656.38, 626.21, 641.49 and 738.88 MJ/m?3, respectively. Exergy output
depends on both the mole fraction that reacts during hydration as well as the unconverted mole
fraction during the dehydration process. Cycles 1, 2, and 6 showed the highest exergy output:
1070.94, 1036.62, and 1079.95 kJ/kg, respectively. Cycles 3, 4, and 5 showed exergy output
of 932.85, 902.16, and 953.43 kJ/kg, respectively, because of the low extent of reaction from
the dehydration process. The volumetric exergy output in for cycles 1-6 was 642.56, 621.97,
559.71, 541.29, 572.07 and 647.97 MJ/m?, respectively. The exergy available is comprised of
sensible heating and energy due to chemical reaction and exergy output due to condensation

of water vapor and energy due to chemical reaction are shown in Table 4.5.

Table 4.5 Exergy available-output at different repeated cycles for Ca(OH)./CaO system

Cycle Exergy available (kJ/kg) Exergy output (kJ/kg)
No. Sensible Chemical Total Condensation ~ Chemical Total
heat reaction exergy reaction exergy

available output
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1 578.51 606.75  1185.26 522.34 548.60  1070.94
2 575.66 582.83  1158.49 518.85 517.77  1036.62
3 543.37 550.60  1093.97 475.75 457.10 932.85
4 531.37 512.32  1043.69 477.16 425 902.16
5 537.83 531.32  1069.15 479.31 474.12 953.43
6 620.40 611.08  1231.48 543.24 536.71  1079.95
15001 _
1 Exergy output: Chemical
=2 Exergy output: Condensation
2 10001 % Exergy available: Chemical
] Il Exergy available: Sensible
B
g
d 5001
0=

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6

Figure 4.10 Exergy after repeated dehydration-hydration process

The Fig. 4.11 shows the energy and exergy efficiencies under repeated dehydration-hydration
cycles. The energy and exergy efficiency ranges from 76 to 79% and 85 to 91%, respectively.
One of the other factors gross energy and exergy available depend upon the enthalpy of
reaction as it is dependent on temperature as shown by Hess Law. The efficiency calculations
reflect the operational mode of the system that involves a complete cool-down of the reactor
to ambient temperature between the dehydration and hydration reactions. The overall system
efficiency can be increased by maintaining the system at the elevated temperature between the
two steps, which will be more reflective of the operation of a practical system. Maintaining the
reactor at the initial hydration temperature (which is 150°C in this case) after dehydration will
obviate the need to supply additional energy to heat the reactor from the ambient temperature
to the initial hydration temperature. The energy and exergy efficiencies can be increased by 2-

3% by operating in this mode.



78

100

=-#-=Complete cool down: Energy efficiency
~——#— Complete cool down: Exergy efficiency
==-©-= Partial cool down: Energy efficiency
—6— Partial cool down: Exergy efficiency

95

90

g
=
2 L
& 85
2
+t
w
L LT T —— e-—-—""""" Ol O,
soF T s e T o
e
.~
————— . N 4""%... -~ e
e - T
‘h.‘,f
751
70 I L I I I I
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6

Figure 4.11 Energy and exergy efficiencies after repeated dehydration-hydration process

4.3.2.5 Morphology and Structural Integrity of Ca(OH)2 Pellets

The Ca(OH). and CaO pellets were subjected to scanning electron microscopy (SUPRA 35
VP). Up to two pellets were taken out from top of the reactor after each reaction through a ¥4”
nozzle provided for such withdrawal without disturbing the chemical bed to avoid changing
the characteristics of the bed. Fig. 4.12 and Fig. 4.13 show the SEM images of fresh and post
1%t dehydration cycle of Ca(OH),, respectively. Initiation of a few cracks and roughening of
the surface started due to the surge in the number of pores can be noticed. Fig. 4.14 shows
SEM images after the 1% hydration, and it is observed that the surface roughness and pores
increased, most likely due to transport of water vapor in and out during the reactions. Fig. 4.15
shows SEM images post the 6™ dehydration cycle and increases in the crack width and number
of pores can be clearly seen. Fig. 4.16 shows SEM images after the 6" hydration cycle at
different magnifications, and it is observed that the crack width from Fig. 4.15 had shrunk
slightly, as shown in Fig. 4.16. This is possibly due to the increase in the volume of the
Ca(OH) pellet after hydration reaction. There was no significant influence on the reaction rate

or conversion after six repeated cycles.
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Figure 4.12 SEM images of fresh Ca(OH). pellet at magnification (i) 100 X (ii) 500 X (iii)
1000 X

100 pm 10 pm
= H B
Figure 4.13 SEM images after 1% dehydration reaction at magnification (i) 100 X (ii) 500 X
(iii) 1000 X

1000 X

Figure 4.15 SEM images after 6™ dehydration reaction at magnification (i) 100 X (ii) 500 X
(iii) 1000 X



80

Figure 4.16 SEM images after 6™ hydration reaction at magnification (i) 100 X (ii) 500 X
(iii)
4.3.3 Pure Ca(OH): Pellet vs Powder Comparison

4.3.3.1 Dehydration Results

The aim of the study was to compare the results of Ca(OH)2/CaO dehydration-hydration
reaction using pellets and powder as solid reactant. The pellet dimensions were: 8 mm diameter
X 7 mm height, and the powder used with particle size 5.5um. One cycle of dehydration-
hydration was performed with both pellets and powder. A repeated cycle with powder was
conducted just to check the reproducibility of the results. The operating conditions for both the

experiments (pellets and powder) are listed below in Table 4.6.

Table 4.6 Operating conditions for the experiments

Operating Conditions Pellets Powder
Mass of Ca(OH): (g) 303 305

Dehydration Pressure (kPa) 2.5-3 101.325
Hydration Pressure (kPa) 470 470

Figure 4.17 Thermocouples position in chemical reactor
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Fig. 4.17 shows the chemical reactor outer temperature with time, which is denoted by T1, the
temperature of chemical bed at 0.75 distance from the outer thermocouple and is denoted by

T2, and the center temperature which is at 1.25” from the outside thermocouple and denoted
by T3.

During dehydration with pellets, the dehydration pressure was in between 2.5 — 3 kPa which
was corresponding to the water temperature inside the condenser at 20°C. Before starting the
experiment, air is evacuated from system by using the vacuum pump. But when conducting
the experiments with powder, the dehydration pressure was maintained at 101.325 kPa or
atmospheric pressure because if we use the vacuum pump then there was chance of powder
getting pulled out with air. The results of dehydration-hydration experiments are discussed

below in details.
Dehydration Process with pellets

Approximately 303 g of Ca(OH)2 pellets are placed in the chemical reactor, and air is evacuated
using the vacuum pump. After the air has been evacuated, the valve is closed, and water is
injected into the condenser. The water temperature inside the condenser was maintained at
20°C through refrigerator bath. The band heater is started on the chemical reactor and once the

temperature inside the reactor reaches 200°C at 80 min the high temperature valve is opened.
Dehydration process with powder

Approximately 305 g of Ca(OH)2 powder is placed in the chemical reactor and water is injected
into the condenser keeping valve closed. The water temperature inside the condenser was
maintained at 20°C through refrigerator bath. The band heater is started on the chemical reactor

and the high temperature valve is opened at 80 min.
Results comparison

Figs. 4.18, 4.19 and 4.20 shows the temperature plot with respect to time. Black vertical line
shows the time when the high temperature valve was opened. It was observed from the above-
mentioned graphs that the powder was taking longer time to heat, or transfer heat compared to
pellets at constant power input from the band heater. There was almost 50 min of lag time
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between both the temperatures (pellets and powder) to reach the peak temperature as pellets

reach the peak temperature 50 min earlier.

Fig. 4.21 shows the unreacted mole fraction with respect to time, and it can be clearly observed
that the decomposition had a delayed start with powder as compared with pellets because of
slow heat transfer inside the chemical bed. So, using powder as a solid reactant we are
transferring more heat to the chemical bed to reach the peak temperature compared to pellets.
The pellets porosity in chemical bed is less as compared to powered chemical bed because of
its compactly packed which is the reason of its high heat transfer. But the conversion is slightly
higher when using powder than pellet because of high surface area or reaction front available
to heat transfer which directly increases the reactant conversion to product. One of the reasons
using pellets have high heat transfer because with pellets we have voids inside the chemical
reactor and once the decomposition starts these voids gets filled up with water vapor which

give rise to convective heat transfer.

T1 (outer) temperature comparision
Dehydration
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Figure 4.18 Temperature (outer) vs time plot during dehydration with pellet and powder
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Figure 4.19 Temperature (middle) vs time plot during dehydration with pellet and powder
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Figure 4.20 Temperature (center) vs time plot during dehydration with pellet and powder
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Figure 4.21 Unreacted mole fraction of reactant during dehydration with pellets and powder

4.3.3.2 Hydration Results

Hydration reaction with pellets

After the dehydration with pellets, now we have CaO pellets inside the chemical reactor.
Before starting the hydration reaction, the air is evacuated using the vacuum pump, following
which the high temperature valve is closed. Then the water is injected in the evaporator and
band heater is turned on both evaporator and chemical reactor. The evaporator is heated to
150°C, and saturation pressure of steam corresponding to that is around 470 kPa. The chemical
reactor is heated to maintain a temperature slightly greater (10-20°C) than that of saturation
temperature of steam and once the evaporator reaches to its saturation temperature, the high
temperature valve is opened at 90 min and the high-pressure water vapor allowed to flow
through chemical bed.

Hydration reaction with powder

The only difference in the experimental procedure while doing hydration with powder is that

the air is not evacuated from the reactor, or vacuum pump is not used because it might take the
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powder with air while evacuating the air. The rest of the procedure is similar to hydration with

pellets and high temperature valve is opened at 90 min as well.
Results comparison

Figs. 4.22, 4.23 and 4.24 shows the temperature plot with respect to time during hydration.
Black vertical line shows the time when the high temperature valve was opened. Once the high
temperature valve was opened around 90 mins, there was an exothermic reaction taking place
and temperature inside the chemical bed reduced to saturation temperature of steam and then
it started to increase. From the above-mentioned figures, it can be observed that with pellets
the peak temperature was around 370°C and with powder it was around 400°C. One of the
main reasons of higher temperature peak when using powder was that the water vapor has more
surface area available to react with CaO whereas with pellets the water vapor has to penetrate
inside the pellet. Fig. 4.25 shows the mole fraction of Ca(OH)2 with respect to time and the

rate of conversion of powder during hydration was slightly higher than the pellets.
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Figure 4.22 Temperature (outer) vs time plot during hydration with pellet and powder
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Figure 4.23 Temperature (middle) vs time plot during hydration with pellet and powder
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Figure 4.24 Temperature (center) vs time plot during hydration with pellet and powder
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Figure 4.25 Mole fraction of Ca(OH). during hydration with pellets and powder
4.3.3.3 Experimental Issues with Powdered Ca(OH)2

Figure 4.26 Powder condition after completing 2nd cycle

During hydration, pressure was being released from the reactor top after valve was open and it
kept releasing for at least 10 min. It was being released from the fittings on the top of the
chemical reactor. Because of this issue, there was a decrease in system pressure hence, directly
impacting the hydration reaction. Powder got filled in the water vapor distribution tube (on
lower end) as seen in Fig. 4.26 b. Agglomeration of powder after 2 complete cycle was



88

observed, clumps of Ca(OH). were formed inside the chemical reactor as seen in Figs. 4.26 a

and c.

4.3.4 Experimental Results on Composite Pellet (1:0.5 :: Ca(OH)2:CaTiO3)

4.3.4.1 Result on Subsequent Dehydration-Hydration Cycles

Fig. 4.27 shows the results of the first dehydration-hydration cycle. The dehydration reaction
starts at 65 min when high temperature valve was opened and is completed around ~205 min.
T1 and T2 are the temperatures at a location 0.75-in from the wall and at center, respectively.
No change in mass of chemical bed after 205 min indicated that dehydration was complete,
and the condenser pressure was maintained at 2.4 kPa during reaction. After the dehydration
process, the chemical bed is cooled down to 300°C and water was heated to 150°C raising the
pressure in the evaporator to 470 kPa. Once the chemical bed temperature was reached to
300°C the high temperature value was opened to allow the water vapor to flow into the
chemical bed at ~300 min to initiate hydration., T1 and T2 reached to ~480°C and ~425°C,
respectively, during the hydration process. The hydration was completed in ~100 min and no
further mass change was observed in chemical bed. Temperature amplification of 180°C (300-

480°C) was achieved.
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Figure 4.28 Temperature of Ca(OH) for 3" and 4™" continuous dehydration-hydration cycle
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Fig. 4.28 shows the results of two continuous (one dehydration-hydration cycle followed by
other) dehydration-hydration cycles which was conducted to study how results will behave in
a continuous process and the challenges associated with it. The two continuous cycle runs were
successfully conducted and were repeated for 20 cycles (2 cycles each time). Dehydration
reaction time was ~140 min whereas hydration took ~100 min to finish. The continuous cycle
experiment took around 750 mins to completed. Structural integrity of the pellet after each
cycle was also monitored. The mole fraction of Ca(OH)2 was decreased from 1 to 0.923 at the
end of 20 cycles as shown in Fig. 4.29. Table 4.7 shows the dehydration and hydration

temperatures of the 20 cycles.
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Figure 4.29 Mole fraction of Ca(OH). for 20 dehydration-hydration cycles

Table 4.7 Dehydration-hydration peak temperatures for different cycles

CYCLE NUMBER DEHYDRATION TEMPERATURE (°C) HYDRATION TEMPERATURE (°C)

T1 T2 T1 T2
1 464 434 478 422
2 455 434 481 427
3 448 428 482 435
4 445 427 486 439
5 447 428 483 432
6 460 435 479 431
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7 440 424 476 435

8 443 427 473 431

9 448 431 495 443
10 447 430 485 437
11 450 434 486 435
12 447 432 474 437
13 446 429 485 439
14 444 426 475 434
15 449 431 480 436
16 444 430 473 433
17 448 431 482 437
18 445 429 472 435
19 448 430 476 435
20 444 428 470 434

4.3.4.2 Structural Strength and Morphology of Composite Pellet

Figure 4.30 Pellet after the first decomposition of Ca(OH)2: (a) pure Ca(OH)>, (b) composite
pellet and c) after 20 cycles

Pure Ca(OH). pellet after the decomposition developed some cracks but no cracks were
observed on the composite pellet surface even after 20 cycles, as shown in Fig. 4.30 (a), (b)
and (c), respectively. It can be observed that composite pellet modified with CaTiO3 affects
the kinetics of dehydration-hydration reaction significantly, but it decreases the quantity of
reactant present in the pellet of same size. So, while designing the chemical reactor for
Ca(OH)2/Ca0 reaction, we need to account for this decrease in reactant quantity because of
addition of inert agent. Fig. 4.31 shows the compressive strength (Satec T5000) of Ca(OH)2
and composite pellets before decomposition and results showed that addition of CaTiO3
increases the mechanical strength of the pellets by >55%. The compressive strength decreased
by 6.7% after 20th cycle for composite pellet. The compressive strength of composite pellet
was still 45% higher after 20" cycle when compared to pure Ca(OH): pellet. Figs 4.32, 4.33
and 4.34 shows the SEM images at 50 X and 100 X magnifications after 1%, 10" and 20" cycle,

respectively. The images showed that there were no cracks developed after 20" cycle.
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Figure 4.31 Compressive strength of composite pellet at different cycles

Figure 4.32 SEM images of composite pellets after 1% cycle a) 50 X and b) 100 X
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Figure 4.33 SEM images of composite pellets after 10" cycle a) 50 X and b) 100 X
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Figure 4.34 SEM images of composite pellets after 20" cycle a) 50 X and b) 100 X

Pure Ca(OH)2 pellets developed cracks after 6 cycles, whereas composite pellet comprising
1:0.5 :: Ca(OH)2:CaTiOs by wt.% did not develop any cracks and maintained the structural
integrity after 20 cycles.

Repeated dehydration — hydration cycles conducted on a laboratory scale showed cracks on
the Ca(OH)2 pellets after 6 repeated cycles, but no cracks were observed on composite pellets
after 20 cycles. Temperature amplification of ~180-190°C was achieved in the bench-scale

experiment during hydration reaction with composite pellets (1:0.5 :: Ca(OH).:CaTiO3)
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Chapter 5 Preliminary Pilot-Scale Study and Techno-Economic
Analysis of Chemical Heat Pump

5.1 Objective

There have been very few studies focusing on the economic feasibility of ChHPs because of
low technology readiness level (TRL) of the system. The development of a SMR involves
significantly less upfront money, resulting in lower financial risks and making it a viable
alternative to large nuclear reactors (1 GW). An SMR can also combine with an integrated
energy system to manage fluctuations in intermittent renewable energy generation while also
storing energy or providing electricity/heat. The environmental benefits of SMR-heat pump
systems over using fossil fuels for process heating are readily apparent. However, the
economics of the system needs to be assessed in order to decide whether the system is a viable
investment. The two main objective of this study were: the pilot-scale study for 25-,100, and
1000- KW ChHP and techno-economic analysis of a coupled SMR-ChHP system. This study
focuses on economic feasibility of an SMR by selling electricity and nuclear hybrid energy
system (NHES) i.e., SMR coupled with ChHP system by selling a combination of heat and
electricity. For the techno-economic analysis, the average selling price of electricity and
natural gas (for heat) for six different U.S regions are used. The ChHP specific capital cost was
calculated using steady state thermodynamic model as there are no studies presently available
which reported the specific cost of Ca(OH)2/CaO ChHP. The economic viability was compared
by estimating the economic indicators such as net present value (NPV), payback period (PBP),
discounted cash flow rate of return (DCFR) and levelized cost of energy (LCOE) for SMR and
NHES systems.

5.2 Scalability Study of Chemical Heat Pump

Temperature amplification applications of ChHP coupled with nuclear reactor have not been
investigated or published at pilot scale in the literature. Furthermore, the coupling of ChHP
using different reaction system provides a compelling alternative for achieving the temperature
mismatch between nuclear reactor and heat required for industrial applications. The pilot-scale
study will yield valuable information on Integrated Nuclear Hybrid Energy Systems consisting

of advanced reactors coupled to ChHP, which will be useful in defining the role of the nuclear
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energy in future energy systems. Research at the University of Idaho has successfully
demonstrated the feasibility of the multiple cycles of Ca(OH)2,CaO ChHP. Results from the
bench-scale experiments will be used for detailed design of pilot-scale setup, which will
accurately model the full-scale process. Current challenges will be addressed that include poor
heat transfer inside the chemical bed, mitigating any performance degradation by addition of
inert in solid reactant, and measuring the flow rate of water vapor accurately as it is much
easier to measure the flow in pilot scale, as compared with bench scale because of low volume
of reactant, which will give us a better understanding of kinetics of the reaction. Experimental
and theoretical results at pilot scale will yield valuable information for commercial scale
Integrated Nuclear Hybrid Energy Systems, thus supporting missions in enhancing the energy

security, and increase the role of nuclear energy in nation’s energy system.

5.2.1 Literature Review of Pilot-Scale Study

Few studies have been conducted for thermochemical energy storage aspect of the
Ca(OH)./Ca0 reaction but not specifically for chemical heat pump by delivering the thermal
heat in a continuous operation. Following are the studies focusing on the pilot-scale model for

thermochemical energy storage.

5.2.1.1 10 kW Pilot-Scale Reactor

Schmidt et al. [1] focused on hydration-dehydration cycles of indirectly operated reactor in
pilot scale (20 kg of powdered CaO, particle size dsp = 5um). The heat transfer fluid (HTF)
used was air and HTF was heated up to 700°C via electric heaters. The specifications of the

reactor are mentioned in Table 5.1.

Table 5.1 Specifications of the reactor

Material (Reactor and | 1.4404 — X2CrNiMo 17-12-2

Thermoshelves)

Metal weight 145 kg

Reaction bed dimensions 45 L (=25 kg powdered Ca(OH)2)
20 x 200 x 800 mm (10 channels)

Max. permissible temperature 600°C

Max. permissible pressure Reaction gas side: 0.1-2.5 bar
HTF side: 0-5.0 bar

Thermoshelves dimensions 250 x 850 mm (10 channels)
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4.25 m? total heat transfer area

Power PNominal = 5 KW
Pmax = 10 kW
HTF mass flow 0.00283-0.0531 kg/s
Operating conditions Dehydration: Pressure = 10 kPa

Temperature = 400-590°C
Hydration: Pressure = 200 kPa
Temperature = 550°C
Total Cycles: 10

Reactionbed H.O HTF Channel
| | /

HTF

(@ (®

Figure 5.1 (a) Schematic of the cross-flow diagram of the pilot reactor; (b) Reactor filled
with 20 kg of Ca(OH)2 [1]

The cross-flow arrangement between the HTF and the reaction gas allows for sufficient heat
exchange area along the length of the reactor while the reaction gas only must overcome a
short distance through the reaction bed to the bottom of the reactor, as shown in Fig. 5.1a. The
pressure drop over the reaction bed is minimal and a uniform equilibrium temperature over the
entire bed volume can be expected. The reactor is filled with a mass of approximately 20 kg of
Ca(OH)2, as shown in Figure 5.1b.
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Figure 5.2 Process flow diagram of the test bench [1]

A compressor conveys ambient air with a maximum volume flow of 160 Nm?®/h at 10 bars. To
ensure a continuous availability of the air flow a buffer tank is installed with a capacity of 1
m? air and a maximum pressure of 10 bars. The HTF flow can be adjusted in a range of 8 to
160 Nm?/h via two mass flow controllers (Bronkhorst, digital flow controller, +0.5%) at a
pressure of up to 5 bar.

For the reaction gas supply an additional evaporator/condenser unit, shown in Fig 5.2, was
developed. A tube-bundle heat exchanger with a casing volume of 8.5 | is filled with 2 | of
distilled water. A vacuum pump is connected to evacuate the system down to an absolute
pressure of 10 mbar to enable a pure water vapor atmosphere. The water level is constantly

measured by a fluid level sensor (Vegaflex 65, coaxial measuring probe, £2 mm).

Similar study was presented by Linder et al. [2], as shown in Fig 5.3, which showed the good
agreement between the experimental and simulated results that the reaction kinetics determined
in micro-scale measurements as well as the known bed properties offer a sufficient

representation of the effective conditions within the bed.
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Figure 5.3 (a) Indirectly operated thermochemical storage reactor; (b) multifunctional test
bench; (c) process flow diagram of the test bench with integrated indirectly operated reactor

[2].
5.2.1.2 Design of MW-Scale Thermochemical Energy Storage Reactor
Angerer et al. [3] presented a theoretical study on a novel technical design of a MW-scale
thermochemical energy storage reactor for CaO system. The reactor concept features a
bubbling fluidized bed with a continuous, guided solid flow and immersed heat exchanger
tubes. To investigate the reactor design, a model is build using clustered CSTRs. A fluidized
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bed reactor (FBR) was chosen in this work as the most promising reactor concept for large-

scale application as shown in Fig 5.4.

Heat transfer fluid
A

h 4 _Ch_arge

Heat exchanger / reactor
(Moving/ fluidized bed)

Figure 5.4 Schematic of a thermochemical storage system with separation of power (heat
exchanger/reactor) and capacity (silos) [3]

The concept of the design of the reactor is shown in Fig 5.5. The FBR is operated as a dense
bubbling bed. A special gas distributor plate with a high number of nozzles is used to distribute
the fluidization gas uniformly over the reactor cross section. To improve the residence time
distribution, baffles are integrated in the bed leading to a guided flow of solids (powdered

reactant) from inlet to outlet.

Freeboard
: Baffles al
— .
00 0 0 BIl0 0 0 0 0 0 0000 0 0 0 =t
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Fluidization medium

Figure 5.5. Reactor design of a continuous MW-scale FBR for thermochemical energy storage

[3]

5.2.1.3 Moving Bed Pilot Plant for TCES CaO/Ca(OH):

In this work Schmidt et al. [4] investigated an indirectly heated moving bed concept realized
in 10 kW/100 kWh scale. Fig. 5.6a shows the basic design of the heat exchanger. The storage
material flows in 158 tubes with an inner diameter of 28 mm. On the shell side of the heat

exchanger the HTF air flows in counter-current direction. It enters the reactor at the connection
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at the right side and flows around the tubes directed by six baffle plates. The outlet of the HTF
leaves the reactor at the opposite side. With an overall heat transfer area of 5 m2 the heat
exchanger is designed to transfer a power of 10 kW at a nominal airflow of 160 Nm3/h and a
temperature difference between air inlet and outlet of 200 K.

e T
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‘ﬂ.,;__ SE= BT
(a) (b)

Figure 5.6. (a) Heat exchanger design for moving particles and air; (b) complete reactor design

[4]

Fig 5.6b shows the complete reactor consisting of three attachable parts. First part is the top of
the reactor where the material inlet is located. In the top is also an additional flange connection
where the reaction gas can enter the reactor above the tube bundle. The middle part of the
reactor is the heat exchanger. In the bottom of the heat exchanger the outlet area of the reactor
is attached. In this part an additional connection is foreseen to supply or remove reaction gas
from below the tube bundle. In the flat bottom area, a rotating scraper is installed to move

material from the outer tubes to the outlet cross section located in the center.

Fig 5.7 shows the design of the moving bed pilot plant including transport and storage facilities
for the material. In the first storage container approximately 270 kg of powdered Ca(OH)2
material can be stored.
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Figure 5.7. Reactor design of a continuous MW-scale FBR for thermochemical energy storage

[4]

Fig 5.8 shows the integration of the pilot plant (yellow) into the existing test facility for
thermochemical storage systems at DLR. The moving bed reactor is connected to the heat
supply unit (green), which can deliver an air flow of 160 Nm®/h at temperatures up to 1000°C.
Additionally, the two reaction gas inlets of the reactor are connected to the
condenser/evaporator unit (blue). With the condenser it is possible to adjust a water vapor
atmosphere between 0.1 and 2 bar (10 and 200 kPa) in the reactor. The change of the water
level in the condenser is measured giving the level of conversion in the reactor and ten cycles

were studied.
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Figure 5.8. Integration scheme of the pilot plant into existing thermochemical test bench at

DLR (German Aerospace Center) [4]

5.2.1.4 kW Moving Bed Reactor for TCES

A moving bed reactor for encapsulated storage materials in laboratory scale was developed

and set into operation by Mejia et al. [5]. The reactor is designed to operate at pressures

between 10 and 150 kPa and a maximum temperature of 550°C (key parameters are

summarized in Table 5.2).

Table 5.2. Technical features of the moving bed reactor.

Heat exchanger type

Indirect, tube bundle

Tube diameter 18 mm
Tube length 330 mm
Number of tubes 22
VVolume 1.851
Heat exchanger area 0.41 m?
Thermal power 1 kW

Construction material

Stainless steel 1.4571

Operating Conditions

Dehydration: Pressure = 10 kPa
Temperature = 540°C
Hydration: Pressure = 100 kPa
Temperature = 505°C
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Total Cycles: 6

The storage material flows inside the tubes, assisted only by gravity as shown in Figure 5.9.
Thermal energy is delivered or taken up by the HTF, which flows on the shell side of the heat
exchanger directed by baffle plates. These plates ensure a high velocity of the air flow to obtain
a good heat transfer coefficient between the gas flow and the tube surface. The length of the
tube defines the heat exchange area and the residence time of the reacting material in the tube.

The granulated Ca(OH). was used for experiments of diameters 1-4 mm.

(a) (b)

Figure 5.9. (a) Schematic representation of the flow of the HTF and storage material; (b) 3D

image of the tube-bundle reactor [5].
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Figure 5.10. Schematics of the moving bed reactor integrated in the test bench [5].

The test bench consists of the moving bed system, the reaction gas unit, and the HTF supply
unit as shown in Fig 5.10. Once all the tubes are filled with material, the hydration/dehydration
process can start. As soon as the material in the lower part of the tube bundle has reacted
completely, the lower flap is opened to allow the material to flow down to the reception tank.
By controlling the mass flow in and out of the reactor, the system can be operated as a
continuous moving bed, quasi continuous moving bed, or fixed bed, allowing the investigation
of such operation modes. The reaction gas unit is composed by the evaporator/condenser,
which is equipped with a filling level measurement sensor (Vegaflex 65,£2mm). The
evaporator/condenser supplies water vapor at different pressures and depending on the
direction of the reaction occurring in the reactor, the vapor is either taken up or released from
the storage material. This causes a pressure change in the system, followed by compensation

through further evaporation or condensation of water in the reaction gas unit.

All the studies focused on the indirect heat transfer to transfer heat to/from chemical bed
through heat exchangers via HTF. The studies focused on three types of reactors (i.e., fixed
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bed, moving bed, and fluidized bed reactors). The some disadvantage of fluidized bed reactor

are high pressure drop, poor fluidization because of change in the reaction product mass and

density, high potential of attrition and agglomeration of fine particles and large cost when

designed for MW systems.

Due to the low-thermal conductivity of the Ca(OH). material large storage capacities
operated in an indirectly heated fixed bed also require large heat exchangers. On approach
was to detach the costly reactor with the heat exchanger (power) from the storage material
(capacity) and this can be accomplished by a moving bed concept where the material moves

through the reactor.

In moving bed, the volume of the granules also expanded during the hydration procedure
causing clogging in the heat exchanger tubes in the presented reactor. Thus, a free flow of

the granules through the reactor after hydration was not achieved yet.

The fluidized bed concept showed promising MW-scale TCES system claiming that
reaction is limited by heat transfer and further research is necessary to identify ideal
fluidization conditions to maximize heat transfer while minimizing parasitic losses and
improve the storage materials cycling stability and physical properties required for

fluidization.
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5.2.2 Pilot Plant Design

For the pilot-scale study, a two-bed system is considered where one will be dehydrating and
other will be hydrating as shown in Fig. 5.11. Once the one bed dehydrates completely will be
switched to hydration reaction. The condenser will condense the water vapor coming out
during the dehydration reaction. While the evaporator will produce high-pressure steam for
hydration process. Both evaporator and condenser will have a mass flow controller to monitor
the mass change in the chemical bed to study the kinetics of the reaction. The chemical beds
will have several thermocouples and pressure gauges to monitor the temperature and pressure
during the reactions, respectively. A storage tank to store the HTF will be connected to a pump.
Heaters will be used to heat the HTF. Vacuum pump will be used to ensure there is no trace of
impurity within the system and help maintain the sub-atmospheric pressure as well. Cooler
will be used to cool down the HTF before storing it in the storage tank. Several temperature
readers and pressure gauges will be used to monitor the parameters of interest through the
process.
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Figure 5.11 Schematics of the pilot-scale ChHP system with two chemical beds

5.2.3 Thermal Calculations

For the capital cost of Ca(OH)./CaO ChHP, there are no estimates available in literature. A
fundamental bottom-up approach for estimation of capital cost is built on based on the
chemical bed cost using steady-state thermal model and other facility assumptions. The
chemical beds are projected to be the biggest and most costly components in the ChHP system,
based on our earlier work by Armatis et al. [6]. To acquire some technical and economic
estimates for a big chemical bed design, a quotation from CG Thermal [7] was provided
because chemical bed is not effectively represented by heat exchangers or chemical reactor
cost curves. The specific cost of chemical bed based on heat transfer is assumed to be ranging
from $400 to $600/ft? as per quotation from CG Thermal [7]. To estimate the specific cost of

chemical bed, heat transfer area is estimated by the approach used in our previous work [6].

The system of six unknowns (Liype, Anrs Uger Uny, 04e, and ATy,) are calculated by six
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equations mentioned in Equations 5.1-5.6. Once the heat transfer area is obtained, the chemical
cost of the chemical bed can be estimated. The chemical bed volume V., is known for the
given system size by using the approach from Armatis et al. by knowing the total number of
moles and density of the reactant. The Q'hy is assumed based on the thermal output of the
ChHP. ATge and ATy are defined as the minimal difference between the average CaO/Ca(OH)2
temperature and the molten salt temperature during dehydration and hydration. The
dehydration temperature difference is assumed to be 15.5°C. The bed dimensions are
calculated based on the nominal specifications provided by CG Thermal i.e., Dshen = 2.9 m,

ODtube = 25.4mm, IDwbe = 19.1 mm and nwpes ranges from 10 to 550 based on the size of the

system.

Vhea = (%) [(ODtube + thed)z - Othube]ntubesLtube (5-1)
thed 1 -1

Uee = |((224) + R+ (7] 2
thed 1 -1

Uy =[(22) + R+ (72 3

Qde = UgeAnur4T4e (5-4)

Qny = UnyAurAThy (5.5)

Apr = TODeypeNiupesliuve (56)

The schematic of the cross section of a single shell and tube heat exchanger design with
chemical bed is shown in Fig. 5.12. The reactant comprising of Ca(OH)2/CaO is assumed to
be layered around the tube outside in shell section. Most of the volume in shell side will be

utilized by the water vapor during dehydration-hydration reactions.
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Figure 5.12 Cross-section view of single tube inside

The molten salt convective heat transfer resistance, the CaO/Ca(OH)2 contact resistance, and
the CaO/Ca(OH). conduction resistance are used to estimate the overall heat transfer
coefficients for dehydration and hydration reaction. The Dittus-Boelter correlations are used
to compute the dehydration and hydration convective heat transfer as shown in Egs. 5.7-5.11.
The heat transport from the reaction steam in the bed via convection and radiation, as well as
tube conduction resistance, is assumed negligible. The mass and energy balances of the
chemical beds from the system model given above are used to calculate the volume flow rate
of the molten salt Vt. The Nusselt number for dehydration is calculated using Eq. 5.10 and for
hydration using Eq. 11. The thermal conductivity of the Ca(OH)./CaO is evaluated between
the range of 0.1 to 0.55 W/mK [8] and for this study it is assumed to be 0.5 W/mK. Based on
Linder et al. [2] work, the contact resistance Rc is assumed to be 0.147 m?K/kW.

Nu.k
he = Iowfe (5.7)
Re = PrDtubely (5.8)
Hf
_ Vs
uf - (%)IDtubeZntubes (59)
Nu = 0.0265Re*/5pr03 (5.10)
Nu = 0.0243Re*/5pr04 (5.11)

COStpeq = AHTnbedbeds,cost (5-12)
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After solving for heat transfer area required for a single bed, the total capital cost of the ChHP
chemical bed can be calculated by using the Eq. 5.12, where npeq is number of total chemical
bed and bed; o5 Specific cost of bed based on heat transfer area ($/m?), which is assumed to
be $4,305 $/m? CG Thermal [7]. Based on the thermal model, the heat transfer areas are
calculated for three different scales (25-, 100-, and 1000-kW) and two different output
temperatures (650 and 700°C), which are listed in Table 5.3. The input temperature of ChHP
plays an important role and two input temperatures were considered for this study (425 and
450°C). The area required for 425°C is almost double compared with at 450°C because of slow
reaction kinetics of Ca(OH)2/CaO system at 425°C.

For pilot-scale study, the main contributor to the capital cost of the ChHP is the chemical beds.
ChHP capital cost is assumed to be 90% of the total purchased cost of the equipment and other
cost includes condenser, evaporator, and pump cost with is assumed to be within the 10% of
the total purchased cost. The purchase price of the equipment is only a percentage of the entire
investment and other costs are involved in the construction of a facility, which are summarized
in Table 5.4. The total capital investment can be calculated using cost estimates for acquired
equipment and expected proportions for each category. Based on Perter et al. [9] total capital

investments were modified for ChHP system and were adjusted for the total sum to be 100%.

Table 5.3 Pilot-scale process parameters

Other

Equipment
Cost
Single (Condenser,
Bed Evaporator,
hdcatiiransHETICHTem ! Bechlenp Heat TrHaﬁz;er No. of Le3? 4 Bed C%g?rtmi?:gl S‘}%I;]alge Eq;Jri(:)t:wlent
Dehydration Hydration Dehydration Hydration  Output Area Tubes Tubes Thickness Bed (2 beds) Heaters) Cost
°C kw m? - m mm $ $ $
425 650 3775 674.39 1000 219.38 550 4.999 1.938 $1,901,389.99 $190,139.0 $2,091,528.99
425 700 3775 724.26 1000 223.76 550 5.098 2.005 $1,939,351.92 $193,935.1 $2,133,287.11
450 650 395 680.79 1000 130.99 550 3.985 1.279 $1,135,304.38 $113,530.4 $1,248,834.82
450 700 395 730.48 1000 133.51 550 3.042 1.326 $1,157,145.49 $115,714.5 $1,272,860.04
425 650 380 672.38 100 21.27 40 6.664 1.735 $184,349.37 $61,449.79 $245,799.16
425 700 380 722.28 100 21.702 40 6.799 1.795 $188,093.56 $62,697.85 $250,791.42
450 650 397.5 678.9 100 12.586 40 3.943 1.174 $109,084.21 $36,361.40 $145,445.62
450 700 397.5 728.66 100 12.834 40 4.021 1.216 $111,233.65 $37,077.88 $148,311.54
425 650 380 672.38 25 5.317 10 6.644 1.73 $46,083.01 $15,361.00 $61,444.01
425 700 380 722.28 25 5.426 10 6.928 173 $47,027.72 $15,675.91 $62,703.63
450 650 397.5 678.9 25 3.146 10 3.943 1.174 $27,266.72 $9,088.91 $36,355.63

450 700 397.5 728.66 25 3.208 10 4.021 1.216 $27,804.08 $9,268.03 $37,072.11




Table 5.4 Total capital investment for ChHP pilot-scale system

kW 25 100 1000
Input Temperature (°C) 425 450 425 450 425 450
Output Temperature (°C) 650 700 650 700 650 700 650 700 650 700 650 700
FCI FCI %
% adj
. $61,4440  $62,703.6  $36,355. $37,072. $245,799. $250,791.  $145,445, $148,311. $2,001,528.  $2,133,287.  $1,248,834.  $1,272,860.
50 Purchased Equipment 46.2963 1 3 6 1 1 4 6 5 9 1 8 0
. ) $12,288.8  $12,540.7  $7,271.1  $7,4144  $49,159.8  $50,158.2  $29,089.1  $29,662.3
10 Equipment Installation 9.259259 0 3 3 2 3 8 2 1 $418,305.80  $426,657.42  $249,766.96  $254,572.01
$4,362.6  $4,4486  $29,4959  $30,0949  $17,4534  $17,797.3
6 Instrumentation 5.555556 $7,373.28  $7,524.44 8 5 0 7 7 8 $250,983.48  $255,994.45  $149,860.18  $152,743.20
B $10,032.5  $58169  $5931.5  $39,327.8  $40,126.6  $23271.3  $23,729.8
8 Piping 7.407407 $9,831.04 8 0 4 7 3 0 5 $334,644.64  $341,325.94  $199,81357  $203,657.61
X $2,181.3  $2,2243  $14,747.9  $15047.4
3 Electrical 2.777778 $3,686.64  $3,762.22 4 3 5 8 $8,726.74  $8,898.60  $125491.74  $127,997.23  $74,930.09 $76,371.60
o $1,454.2  $1,48238 $10,031.6
2 Buildings 1.851852 $2,457.76  $2,508.15 3 8 $9,831.97 6 $5817.82  $5,932.46 $83,661.16 $85,331.48 $49,953.39 $50,914.40
$1,4542  $1,482.8 $10,031.6
2 Yard Improvements 1.851852 $2,457.76  $2,508.15 3 8 $9,831.97 6 $5817.82  $5,932.46 $83,661.16 $85,331.48 $49,953.39 $50,914.40
$10,032.5  $58169  $5931.5  $39,327.8  $40,126.6  $23271.3  $23,729.8
8 Service Facilities 7.407407 $9,831.04 8 0 4 7 3 0 5 $334,644.64  $341,325.94  $199,81357  $203,657.61
1 Land 0.925926 $1,228.88  $1,254.07 $727.11 $741.44 $4,91598  $5015.83  $2908.91  $2,966.23 $41,830.58 $42,665.74 $24,976.70 $25,457.20
Engineering and $36355  $3,707.2  $24579.9  $25079.1  $145445  $14,831.1
5 Supervision 4.62963 $6,144.40  $6,270.36 6 1 2 4 6 5 $209,152.90  $213,328.71  $124,883.48  $127,286.00
. $36355  $3,707.2  $24579.9  $25079.1  $145445  $14,831.1
5 Construction Expenses 4.62963 $6,144.40 $6,270.36 6 1 2 4 6 5 $209,152.90  $213,328.71  $124,883.48  $127,286.00
1 Legal Expenses 0.925926 $1,228.88  $1,254.07 $727.11 $741.44 $4915.98  $5015.83  $2908.91  $2,966.23 $41,830.58 $42,665.74 $24,976.70 $25,457.20
$1,4542  $1,482.8 $10,031.6
2 Contractor’s Fee 1.851852 $2,457.76  $2,508.15 3 8 $9,831.97 6 $5817.82  $5,932.46 $83,661.16 $85,331.48 $49,953.39 $50,914.40
. $36355  $3,707.2  $24579.9  $25079.1  $145445  $14,831.1
5 Contingency 4.62963 $6,144.40  $6,270.36 6 1 2 4 6 5 $209,152.90  $213,328.71  $124,883.48  $127,286.00
108 100
$132,719. $135,439. $78,528. $80,075. $530,926. $541,709.  $314,162. $320,352. $4517,702.  $4,607,900.  $2,697,483.  $2,749,377.
Total FCI ($) 0 8 1 7 1 4 5 9 6 1 2 6

49"
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5.3 Techno-Economic Analysis

Techno-economic Analysis (TEA) is a methodology framework utilized to analyze the
technical and economic performance of a process, product, or service and “includes studies on
the economic impact of research, development, demonstration, and deployment of
technologies” quantifying the cost of manufacturing and market opportunities. TEA combines
process modeling and engineering design with economic evaluation. It helps to assess the
economic viability of a process and provides direction to research, development, investment,
and policy making. To study the techno-economic feasibility of the system, the economic
parameters are evaluated such as NPV, payback period (PBP), DCFR, and LCOE as described

in the subsequent sections.

5.3.1 Methodology

The general methodology used to assess the techno-economic feasibility of a system is shown
in Fig. 5.13. The first stage is to estimate the capital costs of the system. In next step, possible
market and utility factors are evaluated. Finally, the necessary economic parameters are
calculated to determine the techno-economic feasibility of the system or project. This section
will focus on the evaluation of economic parameters, specific capital cost, and baseline
schematic of ChHP with SMR.

Capital Costs Market Factors Project Viability
* Economics of ¢ Interest Rate * Weighted Average
Scale e Cost of Debt and Cost of Capital
* Economic growth Equity * Payback Period
and reduction * Inflation Rate ¢ Internal Rate of
factors « Depreciation Return
« Discount Rate ¢ Net Present Value
¢ Levelized Cost of
Energy
. / . v . v

Sensitivity Analysis to Market Fluctuations

Figure 5.13 Overview of economic analysis methodology

Once the capital costs are calculated for a particular SMR project, it is necessary to assess the
market conditions and project viability. This is done by analyzing investment risks and
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determining the IRR, NPV, and LCOE for comparison to the weighted average cost of capital
(WACC) and expected electricity prices.

5.3.1.1 Baseline ChHP Coupled SMR System

The schematic of the baseline model used in this study is shown in Fig. 5.14 where ChHP is
integrated with advanced SMR to deliver heat to high-temperature thermal industrial
processes. This flow sheet shows the major components of the techno-economic model. The
system uses thermal energy from the advanced SMR via molten salt as HTF and deliver it to
chemical bed, which contains Ca(OH)> for dehydration process. In dehydration bed, Ca(OH):
decomposes into CaO in an endothermic reaction liberating water vapor. The molten salt
returns from the dehydration bed and is reheated in a closed loop. The liberated water vapor
from the dehydration bed is condensed in the condenser. At the same time a high-pressure
steam from the evaporator is pumped to the Chemical Bed 2, which reacts with CaO to form
Ca(OH). in an exothermic reaction. This is a hydration step and the temperature in the
hydration bed is higher than temperature in dehydration bed. According to Clausius-Clapeyron
equilibrium relation, higher pressure dictates the higher temperature. The heat from the
hydration bed is removed using molten salt, which is sent to the high-temperature thermal
industrial processes. This salt is again sent back to the hydration bed. This process is

continuous; and once the bed is dehydrated, it is ready for hydration and vice-versa.
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Figure 5.14 Schematic of ChHP coupled with SMR system

The study focuses on advanced SMR with a thermal output of 100 MW, is assumed and a
temperature output of 400°C. The dehydration occurs at 380°C, and during hydration the
molten salt temperature reaches to 650°C for this study. The conventional light water SMR
operates at 300-325°C, making the reaction kinetics slow because of that reason dehydration

temperature assumed in this study is slightly higher.

5.3.1.2 Assessment of Capital Cost of System

The estimation of advanced SMR cost and ChHP are both required for TEA of the system.
Many studies have reported the capital cost of the advanced SMR. Sabharwall et al. [10]
estimated the overnight capital cost (OCC) of SMR of $4,637/kWe. Richards et al. [11]
estimated the overnight specific capital cost of the molten salt reactors between $2,000 to
$3,846/kWe. A study conducted by MIT [12] assessed the OCC for NOAK reactors between
$3,797 to $6,880/kWe. based on a different design. FOAK SMRs OCCs were projected with
10"-of-a-Kind estimates in a recent report Stewart et al. [13]. FOAK SMRs can range in price
from $4,500 to $8,500/kWe depending on the reactor type. After ten reactors, the price range
can be reduced to $3,000 $5,000/kW. as per NOAK model. For this study, an OCC of will be

$4,637/kW, assumed and a parametric study is also conducted assuming OCC ranging from
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$4,500 to $6,500/kW.. According to Boldon [14], the total specific capital cost can be
computed by integrating the contingency cost rate, detailed design, and engineering cost rate
and the overnight capital cost, as shown in Eq. 5.13. For this study, both the cost rates
(contingency cost and detailed design and engineering) were assumed to be 5%.

TSCC = 0CC(CC + DD&E + 1) (5.13)

5.3.1.3 Payback Period

The payback period (PBP) is the length of time required to recoup the funds expended in an
investment, or to reach the break-even point and is calculated using the following Egs. 5.14—
5.16 where PBP is the payback period, V denotes the fixed capital investment, A denotes the
average yearly cash flow over the project’s lifetime, A is the annual cash flow or annuity, N
denotes the project’s length in years, s represents sales, co represents cost, d represents

depreciation, @ represents the corporation tax rate, and j denotes a specific year [9].

PBP = = (5.14)
= 1
A= szLlAj (5.15)

Compounding and discounting effects do not apply in this calculation since the payback period
does not include the time worth of money. If a proposed investment’s payback period is smaller
than or equal to that of an existing solution for the same application, it may be worthwhile to

pursue. If not, more investigation is required.

The concept of depreciation d is based upon the fact that physical facilities deteriorate and
decline in usefulness with time, thus decreasing the values of the facility. There are several
ways to estimate the depreciation rate, but the Modified Accelerated Cost Recovery System
(MACRYS) is used in this study. With MACRS, a recovery period is selected based on the type
of facility and a correlation is applied. These rates are based on average recovery period by

IRS 2021 [15]. For power plants, a 15-year recovery period is commonly assumed [9].

In this study, the advanced SMR system produce and sells electricity and the combined
advanced SMR and ChHP produce and sell both thermal energy and electricity at natural gas

and electricity prices, respectively. The cost of selling thermal (heat) energy also account for
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carbon tax with natural gas prices. The sales income will be different for above explained cases.
For the electricity-only case, the annual sales are evaluated using the Eq. 5.17. The assumptions
used in this study for heat engine efficiency (») to produce electricity is 34%. The capacity
factor (CF) is assumed to be 90% based on Sabharwall et al. [10] study. Qg is the nominal

heat generated by the advanced SMR and SPe is the selling price of electricity.
Sjsmr =1 CF - Qsyg - SP, - 8760 hrs (5.17)

For the combined advanced SMR-ChHP system, which provides and sell both electricity and
heat to the market, a carbon tax was added to the natural gas prices to estimate the selling price
of heat. The annual sales for the combined advanced SMR-ChHP system are given by Eq. 5.18

where SPy is the selling price of heat (combined natural gas and carbon tax prices), Qcpp.in

is the heat rate from SMR to ChHP and Q ¢y p ou: IS the rate of thermal out energy from ChHP.

Sj SMR—ChHP = ((fl - CF - (Qsmr — Qcnup,in) - SP.) + (CF - Qchup.out 'SPht)) - 8760 hrs
(5.18)

The annual costs are calculated using the Eq. 5.19 where the specific and fixed cost of operation
and maintenance for the advanced SMR are represented by O&Mspec and O&Miy, respectively.
The specific fuel cost the uranium is represented by Fuelspec. The values assumed for this study

will be described in detail in Section 5.3.2. for different cases and scenarios.
co = CF - Qsyr - (0&Mspe. + Fuelgye,) - 8760 hrs + 0&Mpy - 1 yr (5.19)

5.3.1.4 Net Present Value

Net present value (NPV) also known as net present worth is the difference between the present
value of cash inflows and the present value of cash outflows over the lifetime of the plant [9].
The “present” year identification is fairly arbitrary, and we chose the first year of the plant
operation to be present. NPV accounts for the time value of money and is estimated using the

following Eqg. 5.20.
NPV = ¥N_ PWF,; j(A; + rec)) — TRE PWF, ) Ty (5.20)
PWF ;= 1+ (5.21)

PWF,; = (1 + )Ne™J (5.22)


https://www.investopedia.com/terms/v/valuation.asp
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The rec is the cost recovered from salvaged components, and T is the investment cost, Nc is
the construction time in years. Eq. 5.21 represents the present worth factor for the annual cash
flows. This factor discounts future cash flows where I is the discount rate. The same rate, | can
be assumed for the present worth factor in Eq. 5.22, which compounds past investments. Both
factors adjust the value of the money from past or future value to the present value. The cost

recovered was assumed to be zero for this analysis.

| = WACC+1
- rinf+1

—1 (5.23)

The discount rate 1 is an interest rate that provides the current worth of future money, as shown
in Eg. 5.23 from Boldon [14]. A nominal discount rate includes inflation, while the real
discount rate does not. The assumed inflation rate is expressed as rinx and WACC is the
weighted average capital cost, calculated in Eq. 5.24. The WACC is a value describing the
percentage of capital that must be paid to the investors, so they see the expected return on
investments/assets. The WACC may be affected by many factors, such as political and financial
risks. The Cq and Ceq representing the rate charged for costs of capital and equity, respectively.

Pq and peq representing the portions of debt and equity for the project.
WACC = (pg X Cq) + (Peq X Ceq) (5.24)

The portion of debt and charge rate of debt were assumed for the analysis. The portion of equity
is just the portion let over that was not financed (1-p,). The rate charged for cost of equity is
evaluated using the Eq. 5.25 from Boldon [14], where & is the corporate tax rate that is

assumed.

The construction period of 3 years was assumed and constriction schedule for advanced SMR
was assumed to be 60%, 20%, and 20% for 1%, 2" and 3" year respectively based on study
by Alonso et al. [16]. ChHP construction schedule is assumed to be 0%, 20%, and 80% for 1%,
2" and 3" year respectively. The project is not considered profitable if the net present worth
is negative. In making the comparisons of the investments, the larger the NPV, the more

favorable is the investment.
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5.3.1.5 Discounted Cash Flow rate of Return

The DCFR also known as internal rate of return is the return on investment while considering
the time value of money. It is obtained from an investment in which all the investment and
cash flow are discounted [9]. The DCFR is estimated by making the net present worth equal to
zero and solving for the rate used in the present worth factors using Eq. 5.26. If the DCFR
exceeds the WACC, the project is considered profitable.

0= YV, [(1+DCFRYV|(A; + rec;) — X<, [(1 + DCFR)NeKE, (5.26)

5.3.1.6 Levelized Cost of Energy
The levelized cost of energy is the average cost of energy ($/MW-h or ¢/kW-h) produced over

the lifetime of the plant and is calculated using Eq. 5.27, where E;j is the energy produced each
year. For this study, the LCOE is the combined cost of total electricity and thermal energy
produced. It is also defined as “the discounted lifetime cost of ownership and usage of a
generation asset, transformed into a $/MWh equivalent unit of cost of generation.” The energy
produced is discounted in LCOE calculations [17]. When comparing different investments or
technologies, LCOE is best tool to employ as it measures the competitiveness of the

technology. Less-competitive technology is assessed by a higher value of LCOE.

N N
Yj=1PWFcfj(Co, )+ Ei=q PWFy i

LCOE =
¢o Z%lPWFCf‘jEj

(5.27)

5.3.2 Study Approach and Assessment Scenarios
To study the TEA of the advanced SMR and SMR combined with ChHP, the utility data were

assumed from U.S. Energy Information Administration [18] for six different regions
(California, Northwest, Midwest, Southwest, New England, and PJM) of United States as
shown in Table 5.5. The values were averaged for industrial gas prices and electricity data for
the year 2021.
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Table 5.5 Utility data for different regions

2021 Industrial Natural Gas Price

Region ($/MMBtu) 2021 Electricity Data ($/MWh)
California 9.06 66.5
Midwest 6.07 57.7
Northwest 8.15 59.78
New England 9.68 47.75
Southwest 5.62 64.78
PIM 6.67 42.55

For this study, an advanced SMR with a thermal output 100 MW, is assumed. For the TEA,
different scenarios are considered based on the different thermal output of ChHP, as shown in
Fig. 5.15 for an ideal case (CF=100%). Scenario 1 is when the 100 MW, advanced SMR sells
electricity with a heat engine efficiency of 34% is represented as SMR. Scenario 2 has NHES
where a 100-MWth advanced SMR is coupled with 50 MW4 output ChHP with coefficient of
performance of 0.58, which sells heat and rest of the energy from SMR sells electricity and is
represented as NHES-1. In Scenario 3, NHES-2 is where the advanced SMR is coupled with
10 MW output ChHP, which offers heat and the rest of the energy from SMR produces
electricity. Scenarios 4 and 5, NHES-3 and NHES-4 includes the advanced SMR coupled with
5 and 1 MW output ChHP, respectively.
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Figure 5.15 Advanced SMR and SMR-ChHP combined scenarios

For conducting the economic analysis, the economic parameters assumed from the literature

are listed in Table 5.6. Based on these assumptions and utility prices at different regions, the

techno-economic study is conducted to determine the profitable scenarios for the advanced

SMR and SMR coupled with ChHP with different thermal output. The economic parameters
evaluated are NPV, PBP, DCFR, and LCOE to discover the potential of selling heat from the

advanced SMR coupled with ChHP for high-temperature industrial processes. A parametric

study based on different OCC of advanced SMR, and carbon taxes is also conducted.

Table 5.6 Parameters assumed for this study

Parameters Assumed Values References
Overnight Cap $4,637/kWe Sabharwall et al. [10]
Cost
Capacity Factor 90% Sabharwall et al. [10]

Lifetime

60 years

Sabharwall et al. [10], Alonso et al. [16]



Variable O&M
Cost

Fixed O&M Cost
Fuel Cost

Construction
Period

CO Tax
Depreciation

Corporate Tax
Rate

Inflation Rate
Cost of Debt
Debt Portion

$0.486/MWe-h

$19,500,000/yr
$0 (included in O&M)
3 (60%, 20%, 20%)

$150/tonne
Variable

21%

1.1%
4%
30%

Sabharwall et al. [10]

Sabharwall et al. [10]
Sabharwall et al. [10]
Alonso et al. [16]

Locatelli et al. [19]
MACRS Method [15]

Nuclear Energy Institute [20]

MIT report [12]
Sabharwall et al. [10]
Sabharwall et al. [10]
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5.4 Results and Discussion

In this study, based on the economic input assumptions, the calculated discount rate (i) is
3.552%, cost of equity is 4.84%, and WACC is estimated to be 4.588%. ChHP-specific capital
cost was estimated as $4,500/kW based on thermal model for baseline system and the CG

Thermal-specific chemical bed cost assumption [7]. These calculated values will be used to

determine the economic parameters and profitability of the different scenarios between
advanced SMR and SMR-ChHP systems.
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5.4.1 Economic Parameter Analysis

Based on the utility prices assumed for six different U.S. regions, economic parameters for
SMR, NHES-1, NHES-2, NHES-3, and NHES-4 were evaluated, as described in Section 5.3.
Fig. 5.16 shows the NPV values of advanced SMR and SMR-ChHP output scenarios. All the
NHESs have the higher NPV values then SMR for every region because of higher sales
revenue. As per NPV estimates, it is observed that selling heat from NHES-1 with a ChHP
thermal out of 50 MW4, is most profitable compared with lower thermal output ChHP or selling
electricity from 100 MW, advanced SMR. The New England and PJM regions’ NPV values
of $162M and $251.8M show the best case for selling heat for high-temperature industrial
processes because of their high natural gas and low electricity prices as per the percentage

increase in NPV values compared with SMR in their region.

BSMR W NHES-1 mNHES-2 NHES -3 m NHES -4

300 ~
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Figure 5.16 NPV values at different regions for SMR and different SMR-ChHP output
scenarios
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Fig. 5.17 shows the payback period (PBP) of advanced SMR and SMR-ChHP output scenarios
and Fig. 5.18 shows the percentage deviation of PBP for different NHES systems from
advanced SMR values. The New England and PJM regions showed a shorter payback period
of 16.4 and 19.12 years, respectively, for NHES-1 making the most profitable scenario for
selling heat at higher scale, whereas for other regions PBP for NHES-1 system were higher.
NHES-2, 3, and 4 showed slightly lower PBP from advanced SMR values in the California,
Midwest, Northwest, and Southwest regions. NHES-4 is the most profitable case in the
California, Midwest, Northwest, and Southwest regions as the PBP period is the lowest among
NHES-2 and 3 and advanced SMR asserting that SMR coupled with 1 MW ChHP system
providing heat and electricity is always profitable than advanced SMR selling electricity only
in terms of PBP calculations. The negative percentage deviation in Figure 5.18 shows the PBP
of NHES system is lower than advanced SMR values making system profitable. Except NHES-
1 in the California, Southwest, Northwest, and Southwest regions, NHES-2 in the Southwest
have positive percentage deviation from SMR values favoring SMR. Even though the ChHP
has higher sales income and NPV values, the NPV is computed by making an assumption of
60-year plant life, which means after the capital cost is recovered there are many years to earn

a profit.

BSMR W NHES-1 mNHES-2 NHES -3 MmNHES -4
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Figure 5.17 PBP at different regions for SMR and different SMR-ChHP output scenarios
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Figure 5.18 Percentage deviation of PBP for different NHES scenarios from SMR values

Fig. 5.19 shows that the DCFR calculations and all the NHES systems have DCFR values
greater than WACC, asserting the project is acceptable, which should be compared with other
accepted scenarios or projects as per Bolden 2015 [21]. The DCFR values for New England
and PJM are significant higher for NHES-1 system compared with advanced SMR making it
the most profitable case for selling heat. Figure 5.20 shows the percentage deviation of DCFR
for different NHES systems from advanced SMR values. The four cases where DCFR values
of NHES systems are less than advanced, the SMR values are California, Midwest, and
Southwest for NHES-1 system, and NHES-2 for the Southwest system. The DCFR analysis
also confirmed that SMR-ChHP system is always profitable at different regions based on

different ChHP thermal output scenarios.
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Figure 5.19 DCFR at different regions for SMR and different SMR-ChHP output scenarios
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Figure 5.20 Percentage deviation of DCFR for different NHES scenarios from SMR values

The Fig. 5.21 shows the LCOE values for SMR and NHES systems for different scenarios.
The LCOE for advanced SMR is 36.93 $/MWh whereas the different coupled SMR-ChHP
scenarios have LCOE values 23.85, 36.14, 38.62 and 40.88 $/MWh for NHES-1, 2, 3, and 4,
respectively. NHES-1 has lower LCOE when compared to advanced SMR making NHES-1 a
better investment as SMR-ChHP system is producing more energy than advanced SMR and
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overcomes the cost of the coupled system well. NHES-2 has slightly higher LCOE value
compared to advanced SMR signifying that selling heat and electricity via coupled system
balances out the cost of SMR-ChHP. NHES-3 and 4 have higher LCOE as the cost of the
system does not balances out the energy produced by the coupled system.
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Figure 5.21 LCOE for SMR and different SMR-ChHP output scenarios

Based on the above evaluated economic parameters for different U.S. region, nuclear hybrid
energy system comparing of SMR coupled with ChHP showed that selling heat to high-
temperature industrial process and electricity to the grid makes advanced SMR more profitable
and helps reducing the burning of fossil fuels to produce heat. In the California, Midwest,
Northwest, and Southwest regions, it is more profitable to have NHES-3 or 4 compared with
NHES-1 and 2 and advanced SMR based on PBP and DCFR values. Though based on high
NPV values, NHES-1 can also be considered. In PJM and New England, NHES-1 is more
profitable based on their utility prices, asserting selling heat at higher scale is more cost-

effective and favorable.

5.4.2 Parametric Study on Overnight Capital Cost of Advanced SMR

To access the economic competitiveness of advanced SMR and different SMR-ChHP systems,
a parametric study on OCC of advanced SMR is conducted for the values ranging from
$4500/kW, to $6,500/kW. based on the diverse values reported in literature. The aim of this

parametric study is to assess the effect on NPV and PBP of the proposed scenarios for different
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utility prices and U.S. regions. Advanced SMR, NHES-1, and NHES-2 will be the focus of

this study based on results discussed in Section 5.4.1.

Fig. 5.22, 5.23, 5.24, and 5.25 show the NPV and PBP values at different OCC of advanced
SMR for California, Midwest, Northwest, and Southwest, respectively. As the OCC of
advanced SMR is increased the NPV of the SMR, NHES-1 and 2 decreased as expected with
increase in PBP. For the California, Midwest, Northwest, and Southwest regions, NPV of
NHES-1 and 2 are still positive and higher than advanced SMR value when the OCC of
advanced SMR is increased from $4500/kWe to $6,500/kWe.
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Figure 5.22 NPV and PBP versus overnight cost of advanced SMR for the California region

For California, the PBP starts to get lower for NHES-2 and NHES-1 when compared with
advanced SMR once the OCC of SMR is more than $5,500/kWe and $6,100/kWe, respectively.
Based on utility data from the Midwest region, the PBP of NHES-2 and NHES-1 when
compared with advanced SMR begins to reduce once the OCC of SMR is increased to
$4,500/kWe and $5,500/kWe, respectively. The PBP for the Northwest region was already less
for NHES-1 when compared with SMR for $4,500/kWe OCC. When the OCC is increased to
$4,800/kWe the NHES-1 system had less PBP then advanced SMR. The Southwest region,
NHES-1 would not have lower PBP than advanced SMR based on assumed OCC. NHES-2
will have PBP lower than advanced SMR once the OCC is increased to $5,800/kWe.



129

s NPV SMR B NPV NHES -2 W NPV NHES - 1

=== PBP SMR e====PBP NHES -2  ====PBP NHES -1
$180.00 - - 25

$160.00
$140.00
$120.00

ions

NPV Mill

= = N

1) (7 )
PBP (Year)

T
(5,

4500 5000 5500 6000 6500
Overnight Cost SMR ($/kW)

Figure 5.23 NPV and PBP versus overnight cost of advanced SMR for the Midwest region
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Figure 5.24 NPV and PBP versus overnight cost of advanced SMR for the Northwest region
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Figure 5.25 NPV and PBP versus overnight cost of advanced SMR for Southwest region

Figs. 5.26 and 5.27 show the NPV and PBP values at different OCC of advanced SMR for
New England and PJM, respectively. Based on the New England and PJM utility prices,
NHES-1 will always shave lower PBP when compared with NHES-2 and advanced SMR with
increased OCC though the individual system PBP value will increase. NPV of both the regions
are significantly higher for NHES-1. If the OCC is increased above $5,500/kWe and
$5,000/kWe for New England and PJM, respectively, then NPV of SMR will become negative
making SMR not profitable. In this case, the system will be economic profitable if SMR is

coupled with ChHP and sells heat and electricity.
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Figure 5.26 NPV and PBP versus overnight cost of advanced SMR for the New England

region
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Figure 5.27 NPV and PBP versus overnight cost of advanced SMR for the PJM region

5.4.3 Impact of Increased Carbon Taxes

The goal to prevent global temperature from rising above 1.5°C by 2030, which was committed
at COP26, the price of carbon tax should be higher. This tax reduces emissions in two ways.
First, increasing the cost of carbon-based fuels will motivate to switch to clean energy
technologies, such as nuclear, solar, wind, and hydro sources. Taxes will allow industries to

find most cost-effective way to reduce emissions, which is a better alternative to free-market
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economies than government regulation. This study was conducted to analyze the impact of
increased carbon taxes on PBP for NHES (SMR-ChHP) systems.

The two-carbon tax rates were assumed in this study (e.g., $150/tonne) (which was assumed
in Section 5.4.1) and $200/tonne. As carbon tax rate will impact the heat value that is why
different NHES scenarios are studied for different U.S. regions. All the assumption were
unchanged except carbon tax. As NPVs of the NHES systems were significantly higher than
advanced SMR for all the scenarios and cases, PBP was the focus of this study. For the
California region, the percentage deviation of PBP with different carbon taxes were shown in
Fig. 5.28 for different NHES systems when compared with advanced SMR. When carbon tax
of $150/tonne was assumed, NHES-1 had 9.1% higher PBP than advanced SMR but as the
carbon tax increased to $200/tonne the PBP was reduced to -3.5% than advanced SMR. PBP
of NHES-2, 3, and 4 systems were further lowered than advanced SMR values when carbon
tax were increased to $150/tonne to $200/tonne. Similar trend was followed by the Midwest
region as shown in Fig. 5.29 where PBP of NHES-2, 3 and 4 systems were further lowered
than advanced SMR values when carbon tax were increased. Whereas the NHES-1 had 9.2%
higher payback period compared with SMR value at $150/tonne carbon tax and this value was

lowered to -5.4% when carbon tax was increased to $200/tonne.

[
o
Il

% Deviation

NHE NHE

d A N O N H» o ©
Il

m $150/tonne W $200/tonne

Figure 5.28 Percentage deviation in PBP based on increased carbon tax for the California
region
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Figure 5.29 Percentage deviation in PBP based on increased carbon tax for the Midwest
region

For the Northwest region, the percentage deviation in PBP values for NHES-2, 3, and 4 were
further lowered as excepted compared with SMR when carbon tax was increased as shown in
Fig. 5.30. But for NHES-1, the PBP was 2% higher and was reduced to -10.45% compared
with SMR when the carbon tax was increased from $150/tonne to $200/tonne, respectively. In
the Southwest region, as shown in Fig. 5.31, even after increasing the carbon tax to $200/tonne,
PBP of NHES-1 was still higher than advanced SMR value. Though PBP of NHES-2, 3, and

4 systems were lowered than SMR values with increased carbon tax.

% Deviation
IS

m $150/tonne m $200/tonne

Figure 5.30 Percentage deviation in PBP based on increased carbon tax for the Northwest
region
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Figure 5.31 Percentage deviation in PBP based on increased carbon tax for the Southwest
region

The New England and PJM were the two most profitable cases for the NHES-1 system as per
the study described in Section 5.4.1. Increasing the carbon tax rate has further lowered the
PBP from -25.35% to -34.04% and -22.88% to -34% from SMR values for New England and
PJM regions, respectively, as shown in Figs. 5.32 and 5.33.
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Figure 5.32 Percentage deviation in PBP based on increased carbon tax for the New England
region
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Figure 5.33 Percentage deviation in PBP based on increased carbon tax for the PJM region
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Anr

CcC

CF

Co
DCFR
DD&E
d

E
Fuelspec
he

average annuity

annuity

heat transfer area

rate

contingency cost rate

capacity factor

costs

discounted cash flow rate of return
detailed design and engineering rate
depreciation rate

energy

specific fuel cost

convective heat transfer coefficient
inner diameter
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thermal conductivity

levelized cost of energy
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NPV net present worth $

Nu Nusselt number -

N time period yr

n number or magnitude -

O&Mirix fixed operations and maintenance $ MW lyr—1t

O&Mspec specific operation and maintenance $ MWt

OCC overnight capital cost $ kWt

OD outer diameter m

PBP payback period yr

Pr Prandtl number -

PWF present worth factor -

p portion -

0] heat transfer rate W, MW

Re Reynolds number -

r rate -

Re thermal contact resistance m?K Wt

rec recovered cost from salvaged $
equipment

SP selling price of utility $MwWiht

ScC specific capital cost $ kWt

T annual investment $

T temperature °C

t thickness m

U overall heat transfer coefficient W m?K?

u velocity m st

Vbed volume of bed m3

1% volumetric flow rate md st

\Y fixed capital investment $

WACC weighted average capital cost -
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Subscript/superscript

bed
c
cf
d
de
€q
e

f
ht
hy
inf

th

change or difference

first law thermodynamic efficiency
viscosity

fax rate

density

bed

construction

annual cash flow

debt

dehydration

equity

electricity

fluid

heat

hydration

inflation

plant operation year index
plant operation year index
thermal

investment
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Chapter 6 Summary and Conclusions

6.1 Conclusions

The Ca(OH),-CaO system shows much promise for TCES as well as ChHP applications,
necessitating accurate quantification of thermodynamics and kinetics of the dehydration and
hydration processes. A modified Clausius-Clapeyron equation that incorporates the
temperature dependence of thermodynamic quantities (enthalpy, entropy, and Gibbs energy)
was developed to describe the equilibrium for the reversible calcium hydroxide
decomposition/calcium oxide hydration reaction couple. An analysis of the effect of non-
ideality of water vapor phase was also presented in the study. Fugacity coefficient values
indicate that vapor-phase non-ideality can start to play a significant role at operating pressures
above 2 MPa, however, it can be neglected at low and moderate pressures for all practical
purposes. Incorporating the temperature dependence of enthalpy change leads to a more
accurate equilibrium pressure-temperature relationship. This refined relationship has
significant implications for the operation of both dehydration and hydration steps, lessening
the severity in the dehydration step while requiring higher energy input to achieve a desired
higher temperature in a ChHP.

TGA analysis was employed to study the isothermal decomposition of Ca(OH). under N>
atmosphere. Kinetic parameters were estimated based on the TGA results at different
isothermal temperatures. Analysis of the experimental data indicated that the decomposition
of pure Ca(OH): pellets reaction followed a first order kinetics with respect to Ca(OH). and
the temperature dependence of the rate constant was described by the Arrhenius equation with
an activation energy of 102.71 kJ/mol and the natural logarithm of Arrhenius constant of
14.119. The obtained parameters are in good agreement with the non-isothermal studies

reported in literature.

The effect of addition of CaTiOz as an additive with pure Ca(OH). in a form of composite
pellet 1:0.5 and 1:1 Ca(OH)2:CaTiOs (by wt. %) on kinetic parameters was also studied. The
results indicated that the rate of decomposition increased significantly for the composite
pellets. The first order rate constant for 1:0.5 Ca(OH).:CaTiOz had activation energy of 112.52
kJ/mol and the natural logarithm of Arrhenius constant of 16.356. The values of these
parameters for 1:1 Ca(OH).:CaTiOsz were 129.43 kJ/mol and 19.356, respectively. The
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addition of CaTiOs likely facilitated the decomposition through an increasing in the reaction
surface area. The XRD analysis of pellets before and after the reaction indicated that the
CaTiOs acted as an inert agent. The compressive strength test showed that composite pellets
have higher mechanical strength. The obtained kinetics can be used in the design, simulation,

and experimentation of bench- and larger-scale systems.

The reversible reaction system calcium hydroxide decomposition — hydration of calcium oxide
was studied to understand its potential for thermal energy storage and thermoamplification.
The decomposition study in the TGA-DSC apparatus showed that optimum heating rate ranged
from 10-15 K/min for decomposition of Ca(OH)>.

The addition of CaTiOz likely facilitated the decomposition through an increasing in the
reaction surface area. Temperature amplification of ~180-190°C was achieved in the bench
scale experiment during hydration reaction with composite pellets (1:0.5 :: Ca(OH)2:CaTiO3).
The compressive strength test showed that composite pellets have higher mechanical strength.
The addition of CaTiOszin Ca(OH)2 also resulted in enhanced reaction rate. Adding CaTiOs to
the hydroxide appears to be promising technigue to construct a new advanced hydroxide-based

material with improved kinetic properties for ChHP.

A steady state model was built to develop a ChHP capital cost system for pilot-scale (25-, 100-
, and 1000-kW) study. A TEA was conducted for advanced SMR and SMR coupled with
different thermal output ChHP system to determine the profitability of selling heat rather than
electricity only. A steady-state thermal model of ChHP was used for TEA. The electricity and
natural gas prices were assumed for six different U.S. regions (California, Northwest, Midwest,
Southwest, New England, and PJM) based on Energy Information Administration data. For
this study, advanced SMR, combined with ChHP, was referred as NHES. Advanced SMR with
100 MWth and four different scenarios of NHES were considered based on thermal output
from ChHP (e.g., 50-, 10-, 5-, and 1-MWth represented as NHES-1, 2, 3, and 4, respectively).
The NPV, PBP, DCFR, and LCOE were evaluated for SMR and NHES systems. The economic
analysis showed that selling heat and electricity from SMR-ChHP was profitable in most cases
based on utility prices of different regions. The parametric study on increasing OCC of
advanced SMRs indicated selling heat will be economically profitable than selling only

electricity. Increased carbon tax also showed a significant improvement in economic
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parameters for configurations involving selling heat. Providing heat to the high-temperature
thermal industries could be a game changer for nuclear power and help achieve the climate

change goal by reducing the burning of fossil fuel.

6.2 Future Considerations

Results from the bench scale experiments can be used for detailed design of pilot-scale setup
which will accurately model the full-scale process. Experimental and theoretical results at
pilot-scale will yield valuable information for commercial scale INHESSs, thus supporting
missions in enhancing the energy security, and increase the role of nuclear energy in nation’s

energy system.

To better understand the influence of the capital cost with greater certainty, a more extensive
examination of chemical bed design is required. Process intensification and capital cost
reduction may be possible with a moving bed design. The size of the ChHP should be tailored
for a specific application, balancing the reduced capital cost of a smaller thermal capacity

system with the higher utility sales profit of a larger thermal capacity system.



