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Abstract of the Thesis

Energy Analysis For Producing Low Carbon-footprint Cementitious Building Material

by

Louis Zvi Linden

Master of Science in Mechanical Engineering

University of California, Los Angeles, 2017

Professor Laurent G. Pilon, Chair

This thesis investigates the energy usage in the production processes of a low carbon-footprint

building material called CO2NCRETE. It consists of capturing carbon dioxide (CO2) gas

into limestone through the carbonation of three-dimensional printed portlandlite pre-formed

structures. Carbonation can be enhanced by compressing and/or concentrating the CO2

in the flue gas. Compression of the flue gas from atmospheric pressure to high pressure

(3 MPa) results in high energy requirements for the building material production process.

Consequently, the high energy requirements present an opportunity to investigate improve-

ments into the reduction of net energy use. Hot flue gas (∼150oC) emitted from coal-fired

power plants can be used as an input into the CO2NCRETE production process. An average

coal-fired power plant producing 500 MW of electricity and emitting 700 kg/s of flue gas was

used as a case study. In order to make the process energy efficient, two waste heat recovery

systems were analyzed to provide power for the pressurized carbonation process. The first

waste heat recovery system consists of an organic Rankine cycle using R245fa as a working

fluid and operating between the flue gas at 150oC and a cold source at 20oC. It was found to

generate 13.7 kW per MW generated by the coal-fired power plant power under maximum

net power conditions. The second system consists of a transcritical Rankine cycle using CO2

as a working fluid operating also between a hot source at 150oC and a cold source at 20oC.

Under the same conditions, the transcritical Rankine cycle was found to generate 15.7 kW

per MW generated by the coal-fired power plant. Finally, the compressed carbonation in

CO2NCRETE production was modeled at the lab scale. The compressed carbonation was
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found to require 2,181 kg of flue gas, and produce 638 kg of CO2NCRETE per day. The en-

ergy requirement was 1,589 kJ/kg of CO2NCRETE. At this production rate, the waste heat

recovery systems could provide 2.3% of the total energy required. However, the waste heat

recovery systems will provide an increasing fraction of the energy necessary for compression

as production rate and pressure are reduced.
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ṁ mass flow rate, kg/s

M molar mass, kg/mol

N total amount of moles, mol

n moles per batch, mol

P pressure, MPa

Q heat, kW

s entropy, kJ/kg-K

t time, hr

T temperature, oC

V volume, m3

W work, kJ

Ẇ power, kW

y mole fraction

Z compressibility factor

Greek symbols

∆T pinch point temperature difference

ηth thermal efficiency

ηI Carnot efficiency

ηII second law efficiency

ηs isentropic efficiency

Ψ̇ exergy flow rate, kW

x



Subscripts

1 refers to the first carbonation/compression stage

2 refers to the second carbonation/compression stage

a refers to an arbitrary component in a Rankine cycle

C refers to the cold source

w refers to cooling water

CL refers to carbonated lime, CaCO3

CO2 refers to the carbon dioxide constituent of a mixture

crit refers to the critical state of a fluid

e refers to the exit

g refers to power plant flue gas

H refers to the hot source

H2O refers to the water constituent of a mixture

i refers to the inlet

in refers to the quantity added to the system

j refers to an arbitrary state

mix refers to the entire mixture of a gas

N2 refers to the nitrogen constituent of a mixture

net refers to the net quantity

O2 refers to the oxygen constituent of a mixture

out refers to the quantity removed from the system

R refers to the reduced value

s refers to an isentropic process

tot refers to the total

xi



CHAPTER 1

Introduction

Flue gas emitted from coal-fired power plants accounts for 1,600 million metric tons of CO2

emissions per year, or 28% of annual CO2 emissions in the United States [1,6]. This flue gas

is typically released to the atmosphere at temperatures near 150oC [7–9]. Given the large

volume and relatively high temperature of this waste heat stream, coal-fired power plant flue

gas is a potentially large source of low grade thermal energy [5].

Numerous technologies exist to convert waste heat into electricity including thermoelec-

tric systems [10], Kalina cycles [4], organic Rankine cycles (ORCs) [5], and transcritical

Rankine cycles (TRCs) [11]. Organic Rankine cycles subject organic fluids (e.g., alcohols)

to identical processes to conventional steam Rankine cycles, albeit at a lower boiling point,

Transcritical Rankine cycles are conventional Rankine cycles in which heating of the work-

ing fluid occurs at a supercritical state. They have been considered as an alternative to

ORCs [11–16].

The manufacturing of cement, an input for concrete which is widely used as a building

material, accounts for 5-7% of global CO2 emissions [17]. However, CO2 in the atmosphere is

naturally absorbed by concrete structures over their lifetime [18]. This phenomena is known

as carbonation and can have significant effects on the level of CO2 in the atmosphere [19,20].

The effectiveness of carbonation by concrete structures, however, is limited due to the surfa-

cial nature of the chemical reaction [20]. A chemical process has been proposed in which car-

bonation occurs during the production of the building material using high pressure CO2 [21].

This method can provide a larger amount of CO2 sequestration than carbonation occurring

post-production, resulting in a low carbon-footprint cementitious building material.

Therefore, the use of coal-fired power plant flue gas presents an opportunity to both
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capture low-grade thermal energy through waste heat to power systems as well as mitigate

CO2 emissions that occur as a result of cementitious building material production.

1.1 Main sources of CO2 emissions

1.1.1 Power plants

In 2014, 2000 metric tons or 37% of overall U.S. CO2 emissions were the result of electricity

generation [6]. Table 1.1 shows the distribution of electricity generation and CO2 emissions

by fuel source for the U.S. in 2014. Coal-fired power plants accounted for the largest portion

of both electricity generation and CO2 emissions. In fact, they accounted for 39% of all

electricity generation but also contributed 76% to the CO2 emissions [1]. On the other hand,

natural gas produced 27% of annual electricity generation and was responsible for 22% of

power plant CO2 emissions [1].

Table 1.1: Annual electricity generation and CO2 emissions by fuel source in the U.S. in

2014 [1].

Source

Electricity generation CO2 emissions

% of total Million metric tons % of total

Coal 39% 1,562 76%

Nuclear and renewables 33% 11 1%

Natural gas 27% 444 22%

Petroleum 1% 23 1%

Total 100% 2,043 100%

In order to limit pollutant emissions and recover some of the flue gas residual thermal

energy, flue gas undergoes several processes. Figure 1.1 illustrates these different processes.

Thermal energy in the hot flue gas leaving the boiler is typically recovered by the economizer

followed by an air preheater (APH). Flue gas heat recovery in the APH is performed until

the flue gas temperature drops to about 150oC (depending on the type of coal consumed) to

prevent H2SO4 from condensing on the APH surface and downstream ducts/systems [22–24].
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Indeed, cooling of the flue gas below the acid dew point can lead to acid condensation and

deposition which in turn can cause corrosion and fouling in the downstream ducts and

equipment [25]. Such fouling and plugging result in increasing pressure drop and power

consumption to force the flue gas through the APH. This acid dewpoint can be as high as

140oC [26–28]. Acid dewpoint as well the amount of pollutants are determined primarily by

the flue gas composition.

Figure 1.1: An illustration of the flue gas path in a coal-fired power plant.

Finally, the flue gas leaving the electrostatic precipitator at around 150-170oC may be

injected with activated carbon to remove Hg traces before entering the flue gas desulfurization

(FGD) system [29,30]. About 85% of FGD systems in the U.S. are wet systems consisting of

a spray tower in which the flue gas contacts a mist of droplets of aqueous slurry of sorbent

particles such as hydrated lime (Ca(OH)2) and limestone (CaCO3) [31]. Water evaporation

reduces the flue gas temperature to 50-to-70oC at which the desulfurization process is most

efficient [32–34]. The sorbent particles react with SO2 in the flue gas to form insoluble

calcium sulfite (CaSO3) which reacts with oxygen to produce gypsum. This way, 95% of the

SO2 is removed from the stream [35].

An alternative to removing sulfur after combustion in FGD systems consists of burning

low sulphur-content coal to meet emissions standards. Both bituminous and subbituminous
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coals, which make up over 90% of U.S. coal mining production, can be considered low

sulfur [36]. Low sulfur coal deposits are primarily found in the western U.S., especially in

Montana [37,38].

Alternatively, coal can be cleaned to reduce its sulfur content prior to combustion [37].

This typically starts with crushing the coal into small particles. Then, jets of water cause

the lighter coal particles to rise and heavier impurities to sink to the bottom. Finally, the

coal particles are filtered through mechanical screening and thermal drying [39].

In 2010, 40% of electricity generation from coal-fired power plants did not undergo flue

gas desulphurization [40]. In this case, flue gas temperature at the stack was typically

around 150oC [7,8]. In fact, 25% of coal-fired power plant stacks have been reported to have

a temperature of 150oC or greater [9].

Table 1.2 summarizes the flue gas composition for typical coal-fired and gas-fired power

plants on a volume basis. Flue gas from coal-fired power plants consists of 12.6 vol.% CO2,

nearly twice that of gas-fired power plants at 7.5 vol.% [2]. From a molar mass analysis, the

CO2 composition by weight can be found to be 18.9 wt.% for a coal-fired power plant and

12.1 wt.% CO2 for a gas-fired plant.

Table 1.2: Flue gas composition of coal-fired and gas-fired power plant flue gas on a volume

basis [2].

(% vol.) Coal-fired Gas-fired

CO2 12.60% 7.7%

H2O 6.20% 14.60%

O2 4.40% 4.45%

CO 50 ppm 250 ppm

NOx 420 ppm 60-70 ppm

SO2 420 ppm 0

N2 76% 73.2%

As a result of the high concentration of CO2 in coal-fired power plants, approximately
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950 kg of CO2 are released per MWh by a coal-fired power plant [41]. This is equivalent to

0.26 kg/s of CO2 and 1.4 kg/s of flue gas per MW.

1.1.2 Cement production

Cement manufacturing accounts for 5-7% of global CO2 emissions [17]. For each kilogram

of cement produced, 0.9 kg of CO2 is released into the atmosphere [17]. The high level of

cement-related CO2 emissions is caused primarily by three factors. First, cement is used

to make concrete which is ubiquitously used as a building material for roads and buildings,

for example. In 2014, 80 million tons of cement were produced in the U.S. alone. Most

of it was used for concrete production [42]. Second, cement production releases a large

amount of CO2 due to an energy intensive production process. After grinding and mixing

raw materials including limestone, magnesium carbonate, silica, alumina and iron oxide,

the mix is sent to a preheater [17]. Next, the mix is sent to a kiln where it undergoes a

process known as clinkering. Clinkering consists of melting the different constituent materials

together at temperatures as high as 1450oC [17, 43]. Combustion of large amounts of fossil

fuels is required to maintain these temperatures and contributes to CO2 emisssions. Third,

cement production releases large amounts of carbon dioxide as the result of the chemical

decomposition of lime, according to the chemical formula [44],

CaCO3
heat−−→ CaO + CO2, (1.1)

where CaCO3 is calcium carbonate (commonly known as limestone) and CaO is calcium oxide

(commonly known as quicklime). A similar decomposition reaction occurs with magnesium

carbonate (MgCO3). However, magnesium oxide (MgO), the product of decomposition of

magnesium carbonate, represents a relatively small portion of typical cement composition,

(0.5-2% by weight compared to 40% for quicklime) [17]. It is estimated that 50% of CO2

emitted from cement manufacturing is a result of this decomposition reaction [17]. Flue gas

from cement kilns can contain as much as 26% by weight of CO2 [45].
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1.2 CO2NCRETE production processes

In order to mitigate the large greenhouse gas emissions of cement manufacturing, a novel

low carbon-footprint cementitious building material production process has been proposed,

termed the CO2NCRETE production process [46]. Figure 1.2 shows a flow diagram of this

production process. It consists of two streams, namely (i) a base material stream and (ii) a

gas stream. First, the base material stream, consisting of lime, is mixed with water to create

a lime slurry according to the reaction [46],

CaO + H2O −→ Ca(OH)2. (1.2)

where Ca(OH)2 is hydyrated lime, or portlandite. This lime slurry is then mixed with

aggregates and formed into a monolith with the desired three-dimensional (3D) shape by

additive manufacturing (or 3D printing) which then reacts with the gas stream. In the

gas stream, hot flue gas is diverted from a source such as a power plant. Heat from the

flue gas is recovered in order to improve the energy efficiency of the process. A portion

of the cold, dehumidified flue gas is then sent through a membrane to increase the CO2

content of the gas stream, filtering out undesirable gases except for a portion of N2 and CO2.

Then, the CO2 enriched and un-enriched flue gas streams are compressed and sent into

the carbonation chamber containing the printed monolith. Carbonation of the portlandite-

containing monolith occurs according to the reaction [21],

Ca(OH)2 + CO2
water−−−→ CaCO3 + H2O. (1.3)

1.3 Waste heat energy harvesting

It is common for heat to be released to the environment as a by-product of industrial processes

such as cement manufacturing. This waste heat could be converted into electricity to increase

the overall efficiency of the processes provided it can be performed at a reasonable cost. ICF

International [5] estimates that the U.S. produces 766 MW of electricity from waste heat, but

has the potential to produce 15,500 MW. This would represent 1.5% of the total electricity

generation of the U.S., estimated as 1,000,000 MW [47].
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Figure 1.2: Flow diagram of production processes for CO2NCRETE, a low carbon-footprint

building material.

1.3.1 Waste heat energy harvesting technologies

Several waste heat energy harvesting technologies exist to convert waste heat directly or

indirectly into electricity. Thermophotovoltaic generation systems passively convert infrared

radiation emitted by heat sources directly into electricity using semi-conducting materials

(e.g., Ge, GaSb, InGaAs). They have few moving parts but are typically restricted to

temperatures above 800oC in order for emitted photons to have energy larger than the

bandgap of the thermophotovoltaic material [48]. Thermoelectric generation - based on the

Seebeck effect - can be viable for waste heat energy conversion. It directly converts waste

heat into electricity without any moving parts. A wide range of materials are available

depending on the waste heat temperature range [10]. However, their efficiency is typically

low and they have remained an order of magnitude more costly than other options [5, 10].

Table 1.3 categorizes more established waste heat to power technologies. Steam Rankine

cycles have high thermal efficiencies above 450oC but the efficiency drops significantly as

the temperature decreases [3, 4]. Kalina cycles constist of performing a Rankine cycle on a

mixture of two fluids with different boiling temperatures (e.g., ammonia and water). They

can operate between 100 and 550oC. However, their complexity prohibits small-scale systems

and leads to higher cost [4, 5]. Organic Rankine cycles (ORCs) also perform the Rankine

cycle, but on an organic working fluid. ORCs have been demonstrated with bench tests

[49–54] and proven to be economically feasible at commercial scale [5,55]. They are suitable
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for heat resource temperatures near 150oC corresponding to flue gas temperature [3–5].

Based on this information the organic Rankine cycle is a pragmatic choice for lab scale

testing of heat recovery of a 150oC waste heat stream. However, the Kalina cycle could more

the appropriate choice at the commercial scale.

Table 1.3: Comparison of waste heat to power technologies [3–5].

Technology Cycle Fluid Temperature range Typical capacity Key facts

Traditional

Rankine Water

>500oF Large Most efficient at

steam cycle >260oC (>10 MW) higher temperatures

Organic

Rankine

Organic fluid 200 - 500oF Small to Medium Small sized units, air-cooled

Rankine cycle (i.e. R11, R245fa, etc.) 93 - 260oC (<10 MW) condensers, high availability

Kalina cycle Rankine

Mixture with different 200 - 1000oF Medium Highest theoretical

boiling points 93 - 538oC (> 1 MW) efficiency, complex and

(e.g., ammonia & water) new technology

1.3.2 Principles of organic Rankine cycles

Figure 1.3 visualizes the elements required to perform the Rankine cycle processes. These

elements are, a working fluid, hot source, cold source and four mechanical components,

namely a pump, an evaporator, a turbine, and a condenser. The basic Rankine cycle consists

of four thermodynamic processes: (1) reversible, adiabatic expansion of the working fluid

through the turbine, (2) constant pressure heat transfer from the working fluid to a cold

source in the condenser, (3) reversible adiabatic compression through the pump, and (4)

constant pressure heat transfer from the hot source to the working fluid in the evaporator.

Figure 1.4 plots the Rankine cycle processes on a (a) P-v and (b) T-s diagram for an arbitrary

organic working fluid.

Thermal efficiency is often used as a metric to analyze how well thermodynamic cycles

convert thermal energy into useful energy. Carnot efficiency, denoted by ηCarnot, defines the

maximum thermal efficiency of any thermodynamic cycle between a hot source at tempera-

ture TH and a cold source at temperature TC . It is defined as [56]

ηCarnot = 1− TC
TH

. (1.4)

For example, the Carnot efficiency of a flue gas stream at 150oC and a cold source of 20oC

8



Figure 1.3: A visual representation of the elements and processes of a basic Rankine cycle.

is 31%. Figure 1.5 shows the Carnot efficiency as a function of hot source temperature TH

for cold source temperature TC equal to 0oC, 20oC, and 50oC.

Although the temperatures of the hot and cold sources are important parameters, the

working fluid is another key factor in designing a Rankine cycle. Several properties of

fluids are used to determine the optimal working fluid such as (i) boiling and condensing

temperatures and pressures, (ii) global warming potential, and (iii) the phase of saturated

vapor under reversible adiabatic, or isentropic processes [57]. For example, organic fluids

often have low boiling and condensing temperatures making them ideal for low grade waste

heat recovery applications [58, 59]. Additionally, many organic fluids are dry, meaning the

fluid is at a superheated vapor state under isentropic expansion from a saturated vapor

state [60]. This property of dry fluids is of note because a superheated state at the exit of

the turbine prevents corrosion and damage [61].
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Figure 1.4: A (a) P-v and (b) T-s diagram of an arbitrary organic Rankine cycle.

1.3.3 Transcritical Rankine cycles

Transcritical Rankine cycles (TRCs) have been considered as an alternative to conventional

organic Rankine cycles [11–16]. While TRCs consist of identical elements as ORCs (Figure

1.3), TRCs feature a heating process in the evaporator1 during which the working fluid

is in a supercritical state, i.e., its temperature and pressure are above that of the critical

point [62]. The critical point occurs at the critical temperature and critical pressure, where

the saturated liquid and saturated vapor states are identical, as illustrated in Figure 1.6 [62].

Figure 1.6 also plots the transcritical Rankine cycle processes in a P-v and T-s diagram.

Transcritical cycles feature a lower average temperature difference between the heat

source and the working fluid due to changing temperature in the evaporator. To illustrate

the advantage of the TRC over the ORC, consider two cases illustrated in Figure 1.7. Case

1 corresponds to a conventional Rankine cycle in which single-phase heat transfer prevails

in the hot source stream and two-phase heat transfer occurs in the working fluid stream in

the evaporator. Case 2 corresponds to a TRC in which single-phase heat transfer prevails in

1Although no evaporation takes place in the transcritical cycle, the heat exchanger where the fluid in a
transcritical cycle is heated will be referred to as the evaporator for the sake of convenience.
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Figure 1.5: Carnot efficiency ηCarnot as a function of hot source temperature, TH , for heat

sink temperatures TC = 0oC, 20oC, and 50oC.

both the hot source and working fluid streams in the evaporator. For Case 1, the minimum

temperature difference, commonly known as the pinch point temperature difference [61], of-

ten occurs when a fluid is a saturated liquid. However, in Case 2 the pinch point occurs at

the inlet or exit points of the hot source or working fluid, depending on the relative products

of mass flow rate and specific heat capacity of each fluid. As a result of the smaller average

temperature difference between the working fluid and hot source streams, TRCs tend to

feature less entropy generation [11].

1.4 Objectives of the study

A novel low carbon-footprint building material production process has been developed to

upcycle the CO2 emitted in the flue gas of various industrial processes. This present study
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Figure 1.6: A (a) P-v and (b) T-s diagram of an arbitrary transcritical Rankine cycle.

specifically considers an ORC and a TRC for the performance of waste heat recovery from

hot flue gas exiting coal-fired power plants. In addition, the building material production

process was modeled and its energy requirements were evaluated in order to determine the

performance and feasibility of the waste heat recovery systems.
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CHAPTER 2

Waste heat harvesting by Rankine cycles

2.1 Introduction

Coal-fired power plants release flue gas at temperatures near 150oC and the CO2NCRETE

production process uses CO2 as an input for carbonation of lime. In this chapter, a waste heat

recovery system was considered to improve the energy efficiency of CO2NCRETE production.

Both an organic Rankine cycle (Section 1.3.2) and transcritical Rankine cycle (Section 1.3.3)

were considered for waste heat recovery of the hot flue gas.

2.2 Analysis

2.2.1 Schematic and phase diagrams

2.2.1.1 Organic Rankine cycle

The ORC investigated in this study uses (i) of 1,1,1,3,3-Pentafluoropropane (R245fa) as the

working fluid, (ii) power plant flue gas as a hot source at 150oC, and (iii) water as a cold source

at 20oC. R245fa was chosen for several reasons. As a dry fluid, the consideration of R245fa

vapor condensation in the turbine is non-existent. Additionally, Wang et al. [63] found

that when safety and environmental properties are considered (including the ASHRAE 34

safety group, atmospheric life time, ozone depletion potential, and global warming potential),

R245fa is one of two working fluids most suitable for engine waste-heat recovery at a hot

source temperature ranging from 27−327oC. Similarly, Lakew and Bolland [64] recommended

R245fa for waste heat sources in the temperature range of 160-200oC. Additionally, R245fa
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has been proven to be cost-effective at commercial scale in many commercial ORC systems

[55]. Further, unlike many other organic fluids R245fa, has been the subject of bench tests for

the operation of individual mechanical components [65–67] and full cycle operation [49, 51,

53]. Laboratory operation of pumps and turbines can be difficult, especially because these

components are often highly sensitive to the type of working fluid [49, 55, 67]. Therefore,

previous demonstration of bench operation of ORCs with R245fa as a working fluid will

significantly contribute to easier set-up and operation for a newly built ORC system.

Figure 2.1 plots the Rankine cycle in the T -s diagram for R245fa as the working fluid.

It also plots the temperature of the hot flue gas entering at Tg,i = 150oC and exiting at

Tg,e. Similarly, the cold water enters at Tw,i = 20oC and exits at Tw,e. Subscripts “i” and

“e” refer to the inlet and exit of the cold source and hot source lines. For the flue gas

and cooling water, the location of the pinch point temperature difference is denoted by the

subscript P . The pinch point temperature difference refers to states where the temperature

difference between either flue gas and R245fa, or cooling water and R245fa, is the smallest.

For the working fluid the location of the pinch point temperature difference is denoted by a

quotation mark “ ′ ”.

2.2.1.2 Transcritical Rankine cycle

In this study, we also consider a transcritical Rankine cycle performed on CO2 as the work-

ing fluid. CO2 was chosen as the working fluid because it is (i) non-toxic [68], (ii) non-

flammable [68, 69], (iii) inexpensive [15], (iv) has well-defined thermodynamic properties in

the supercritical region [16], and (v) a critical point at moderate temperature and pressure

(31oC, 7.4 MPa).

Figure 2.2 shows a TRC performed in the CO2 T -s phase diagram between a hot source

at Tg,i = 150oC and a cold source at Tw,i = 20oC. The variables representing each state were

defined identical to those in Figure 2.1, except the flue gas inlet Tg,i is equivalent to the

location of the flue gas pinch point Tg,P .
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Figure 2.1: An ORC performed in the T -s phase diagram of R245fa with coal-fired power

plant flue gas as a hot source.

2.2.2 Assumptions

To make the problem mathematically tractable our analysis assumed (1) steady state op-

eration and (2) negligible kinetic and potential energy changes for all components, and (3)

pressure drop and heat loss in pipes and heat exchangers were negligible. (4) The availabil-

ity of cooling water was assumed to be large enough such that it could completely cool the

working fluid. (5) The hot flue gas was approximated using real properties of air because of

the similar composition of flue gas and air (Table 1.2). (6) In the analysis of the ORC and

TRC, we assumed that saturated liquid entered the pump. (7) In the analysis of the ORC we

assumed saturated vapor entered the turbine (see Figure 2.1 and Figure 2.2). (8) It was also

assumed that the heat exchanger surface areas were sufficient to transfer the heat required.
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Figure 2.2: A TRC performed in the T -s phase diagram of CO2 with coal-fired power plant

flue gas as a hot source.

(9) Moreover, it was assumed that the ORC and TRC were performing heat recovery from

the flue gas from the stack of a 500 MW coal-fired power, a typical size [9].

By definition, the pinch point temperature difference refers to the minimum temperature

difference for a fluid in a heat exchanger [61]. For both the ORC and TRC, the pinch point

between the cold source and the working fluid was assumed to occur when the working fluid

was at the saturated vapor state, or between Tw,P and T2′ . For the ORC, the pinch point

between the hot source and the working fluid was assumed to occur when the working fluid

was at the saturated liquid state, or between Tg,P and T2′ . In the TRC, the location of

the pinch point temperature difference was located at the inlet to the turbine rather than

at the beginning of phase change (see Figure 1.7). Therefore, Tg,P becomes Tg,i and T2,P
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becomes T3. These pinch point temperature difference locations creates constraints where

the temperature difference of the working fluid and cold source, or hot source and working

fluid at the location of the pinch point temperature difference cannot be less than the pinch

point temperature difference ∆T . Mathematically, this can be formulated as,

Tg,P − T2′ ≥ ∆Tg, (2.1)

and

T4′ − Tw,P ≥ ∆Tw. (2.2)

The pinch point temperature difference in the evaporator ∆Tg was assumed to be 10oC

[69–71] and the pinch point temperature difference in the condenser ∆Tw was assumed to be

3oC [69,72].

2.2.3 Governing equations

The processes in each component of the cycle were governed by the first law of thermo-

dynamics. For a control volume with a single inlet and exit under steady-state conditions

(assumption 1), the first law of thermodynamics can be written as [56]

Q̇CV − ẆCV = ṁ

[(
he +

ν2e
2

+ gze

)
−
(
hi +

ν2i
2

+ gzi

)]
, (2.3)

where Q̇CV is the net heat transfer to the control volume, ẆCV is the power of the control

volume, ṁ is mass flow rate of the working fluid, h is the enthalpy, ν is the average fluid

velocity, g is gravitational acceleration, and z is the height for each k fluid in the control

volume. Again, the subscripts i and e refer to the inlet and exit, respectively. By convention

Equation (2.3) is written such that the heat transfer term is positive for heat entering the

control volume and power is positive for power done by the control volume [56].

Neglecting changes in kinetic and potential energies (assumption 2) yields, for all com-

ponents of the cycle.

Q̇CV − ẆCV = ṁ (he − hi) , (2.4)

Thus, applying Equation 2.4 to the pump, the pump power Ẇ1→2 can be expressed as

Ẇ1→2 = ṁ(h1 − h2). (2.5)
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Here, the pump exit enthalpy h2 was calculated according to [56],

h2 =
h2,s − h1
ηs,pump

+ h1, (2.6)

where ηs,pump is the isentropic efficiency of the pump and the subscript s refers to the exit

enthalpy if the process was isentropically compressed under the same inlet and exit pressures.

Similarly, turbine power Ẇ3→4 can be expressed as

Ẇ3→4 = ṁ(h3 − h4), (2.7)

where h4 was calculated according to

h4 = ηs,turbine(h4,s − h3) + h3, (2.8)

where ηs,turbine is the isentropic efficiency of the turbine.

Heat transfer from the working fluid to the cooling water in the condenser Q̇2→3 can be

expressed as

Q̇2→3 = ṁ(h4 − h1). (2.9)

Heat transfer to the working fluid from the hot flue gas in the evaporator Q̇4→1 can be

expressed as

Q̇4→1 = ṁ(h3 − h2). (2.10)

For both the evaporator and condenser heat transfer was divided into two sections in order

to determine the state of the pinch point in the hot source (state g,P), cold source (state

w,P), and working fluid (states 2’ and 4’). Performing an energy balance between the energy

lost by the flue gas and gained by the working fluid in the evaporator (Process 2→3) yields

ṁg(hg,i − hg,P ) = ṁ(h3 − h2′), (2.11)

and

ṁg(hg,P − hg,e) = ṁ(h2′ − h2). (2.12)

Similarly, in the condenser (Process 4→1) yields

ṁw(hw,e − hw,P ) = ṁ(h4 − h4′), (2.13)
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and

ṁw(hw,P − hw,i) = ṁ(h4′ − h1). (2.14)

Table 2.1 summarizes the input parameters used in both the ORC and the TRC ther-

modynamic models. The flue gas inlet temperature was equal to a common coal-fired power

plant flue gas exit temperature, 150oC. The mass flow rate was ṁg = 700 kg/s corresponding

to a 500 MW coal-fired power plant, i.e., Tg,i = 150oC. The cooling water had an inlet tem-

perature, Tw,i = 20oC. Both the flue gas and cooling water were assumed to be at atmospheric

pressure, Pg = Pw =101 kPa.

Table 2.1: Input parameters for a R245fa organic Rankine cycle and CO2 transcritical Rank-

ine cycle models with coal-fired power plant flue gas at TH = 150oC as the hot source.

Heat source flow rate, ṁg 700 kg/s

Heat source inlet temperature, Tg,i 150oC

Heat source pressure, Pg 101 kPa

Cooling water inlet temperature, Tw,i 20oC

Cold source pressure, Pw 101 kPa

Pump isentropic efficiency, ηs,pump 0.8

Turbine isentropic efficiency, ηs,turbine 0.8

Temperature of condensation, T1 25oC

The preceding equations resulted in a system 30 equations and 28 property calls for

R245fa, CO2, air, and water. With the given input parameters in Table 2.1, these were used

to solve for 58 unknowns using the software Engineering Equation Solver (EES) for a given

evaporator pressure and working fluid mass flow rate.

2.2.4 Performance metrics

Several performance metrics were used to evaluate the ORC and the TRC. The first and

most fundamental of these metrics was Ẇnet, the net amount of power produced by the cycle

under investigation defined as the sum of the power produced in the turbine Ẇ3→4 (>0) and
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the power required by the pump Ẇ1→2 (<0),

Ẇnet = Ẇ3→4 + Ẇ1→2. (2.15)

The net power does not take into account how efficiently the cycle converts the thermal

energy in the hot flue gas heat to useful energy in the form of turbine power. Therefore, two

efficiency metrics were introduced. The first was thermal efficiency defined as [56],

ηth =
Ẇnet

Q̇2→3

. (2.16)

While thermal efficiency accounts for the magnitude of energy flow, it does not account for

the quality of energy flow, a concept quantified by exergy. Exergy flow rate denoted by Ψ̇a,

is a value representing the maximum possible useful power of a stream [56]. Exergy flow

rates were calculated at all j states for each a component, expressed as [56]

Ψ̇a,j = ṁ[ha,j − h0 − T0(sa,j − s0)], (2.17)

where s is the entropy and the subscript “0” refers to the dead state, taken at T0 = 20oC and

P0 = 101 kPa. Once exergy flow rates were calculated, the rate of irreversibility or exergy

destruction rate İa was calculated for each a component according to [56],

İa = Ψ̇a,i − Ψ̇a,e − Ẇa. (2.18)

Irreversibility represents the value of loss of potential power. At the inlet and exit of the

evaporator and condenser the exergy flow rates were summed across two streams: (1) the

working fluid and (2) the hot flue gas or cooling water. Moreover, the power term was

non-zero for the pump and turbine only.

Next, a so-called second law efficiency ηII was calculated. Second law efficiency can be

thought of as a measure of the thermodynamic matching of a heat source with the system,

or alternatively how much potential power is wasted in reference to an inlet fuel source. The

second law efficiency for a cycle can be formulated as [69]

ηII = 1− İtot

Ψ̇g,i

, (2.19)
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where İtot is the exergy destruction summed across all n components of the cycle, expressed

as

İtot =
n∑

a=1

İa. (2.20)

2.3 Results and discussion

2.3.1 Preliminary analysis

A simple analysis was first performed in order to provide context for, and validate the

subsequent results. As previously mentioned, the maximum efficiency of a power cycle

between a cold source at TC = 20oC and a hot source at TH = 150oC is equal to the Carnot

efficiency of 31%. ICF International [5] reports that commercial ORC systems typically

operate at a thermal efficiency of one-third of the maximum efficiency. Thus, between TC =

20oC and TH = 150oC, the efficiency of an ORC or TRC is around 10.3%. For a flue gas with

constant specific heat cp = 1.01 kJ/kg.K, the input heat transfer rate Q̇in can be defined as

Q̇in = ṁgcp(TH − TC). (2.21)

Then, for the mass flow rate ṁg = 700 kg/s corresponding to a 500 MW coal-fired power

plant, Q̇in was found to be 92.2 MW. For an ORC with a thermal efficiency of 10.3%, the

power generated from the waste heat recovery unit would produce 9.5 MW of electricity.

2.3.2 Organic Rankine cycle

In the following results, evaporator pressure P2 and mass flow rate ṁ were varied in order

to investigate the effects of these variables on the performance of the cycle.

Figure 2.3 shows the net power plotted against the evaporator pressure P2 for the R245fa

flow rate ṁ of 50 kg/s, 150 kg/s, and 250 kg/s. It indicates that the net power increased with

both pressure and mass flow rate but was limited by the pinch point temperature difference

in the evaporator [Equation (2.1)]. As the mass flow rate ṁ increased, the exit temperature

in the hot source decreased. This brought Tg,P closer to T2′ at a given pressure. This is
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graphically illustrated as an increase in the slope of the red flue gas line in Figure 2.1.
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Figure 2.3: Net power Ẇnet as a function of evaporator pressure P2 for several values of

R245fa flow rates ṁ for an organic Rankine cycle using hot flue gas at Tg,i=150oC and ṁg

= 700 kg/s and a cold source at Tw,i = 20oC.

Similarly, an increase in evaporator pressure brought Tg,P closer to T2′ . As evaporate

pressure increased, so did the temperature of R245fa in the evaporator. Moreover, as the

cycle operated between larger pressure differences, P1 and P2, the working fluid was able

to expand more in the turbine. Note that for the flow rate ṁ = 250 kg/s, the values

of evaporator pressure considered broke the pinch point temperature constraint [Equation

(2.1)].

Figure 2.4 plots the thermal efficiency ηth of the ORC as a function of the evaporator

pressure P2. It indicates that the thermal efficiency ηth increased at a decreasing rate with

increasing evaporate pressure P2. This can be attributed to two reasons: (1) for a given

evaporator pressure P2 all states of the working fluid are fixed and (2) both net power and
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heat transfer in the evaporator are linearly proportional to the working fluid mass flow rate

ṁ.
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Figure 2.4: Thermal efficiency ηth as a function of evaporator pressure P2 for several values

of R245fa flow rates ṁ for an organic Rankine cycle using hot flue gas at Tg,i = 150oC and

ṁg = 700 kg/s and a cold source at Tw,i = 20oC.

As mass flow rate ṁ decreased, higher evaporator pressures could be achieved without

breaking the pinch point constraint. Thus, the thermal efficiency ηth was maximum for

an infinitesimally small mass flow rate ṁ, as it allows the evaporator pressure to increase

without lowering the pinch point of the flue gas and R245fa in the evaporator. Therefore, it

is not sensible to operate the cycle optimized for maximum thermal efficiency.

In order to evaluate the second law efficiency ηII [Equation 2.19], irreversibility İa was

calculated for each component of the ORC cycle (i.e, the pump, turbine, condenser, and

evaporator). Figures 2.5.a and 2.5.b plot İa for ṁ=50 kg/s and ṁ = 250 kg/s flow rates,

respectively. They indicate that the pump contributed the least irreversibility among all
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components. Irreversibility of the pump and turbine increased with evaporator pressure P2

because there was a larger change in enthalpy at higher pressure. However, irreversibility

in the turbine increased at a faster rate. This was due to the fact that the vapor phase

experienced larger enthalpy changes as the result of changes in pressure. By contrast, the

condenser irreversibility was constant with evaporator pressure.

Irreversibility in the evaporator contributed the most to the total irreversibility. This

irreversibility decreased with increasing evaporator pressures. As mentioned earlier, higher

evaporator pressure caused higher temperature for the working fluid. This resulted in a

smaller temperature difference between the hot flue gas and the R245fa working fluid. A

smaller temperature difference introduces less entropy generation, and thus less irreversibil-

ity.

Figure 2.6 plots the influence of evaporator pressure on second law efficiency ηII for flow

rates ṁ = 50 kg/s and ṁ = 250 kg/s. It indicates that higher flow rates ṁ resulted in lower

second law efficiency. Referring to Equation (2.19), because Ψ̇g,i was constant, second law

efficiency was determined by the magnitude of total irreversibility İtot which was a function

of working fluid mass flow rate. For a given flow rate, as the evaporator pressure increased,

the second law efficiency increased with diminishing returns. As described earlier this was

because higher evaporator pressure led to higher evaporator temperature which resulted in

a lower temperature difference and thus lower entropy generation in the evaporator.

2.3.3 Transcritical Rankine cycle

Figure 2.7 plots the net power Ẇnet as a function of the evaporator pressure P2 for the CO2

flow rate ṁ of 50 kg/s, 150 kg/s, and 250 kg/s. Similar to the ORC, Figure 2.7 indicates that

a positive relationship existed between the net power Ẇnet and the mass flow rate ṁ for a

given evaporator pressure. All mass flow rates followed the same relationship with evaporator

pressure, namely increasing at diminishing rates, hitting a peak, and then declining. For the

mass flow rates considered this peak occurred at 16 MPa. Unlike the ORC, the TRC reached

peak power before the pinch point constraint [Equation (2.1)] set in.
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Figure 2.5: Irreversibility İ as a function of evaporator pressure P2 for R245fa values of mass

flow rate ṁ of (a) 50 and (b) 250 kg/s for all components for an organic Rankine cycle using

hot flue gas at Tg,i = 150oC and ṁg = 700 kg/s and a cold source at Tw,i = 20oC.
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Figure 2.6: Second law efficiency ηII as a function of evaporator pressure, P2, for several

values of R245fa flow rates ṁ for an organic Rankine cycle using hot flue gas at Tg,i = 150oC

and ṁg = 700 kg/s and a cold source at Tw,i = 20oC.

Figure 2.8 plots the thermal efficiency ηth as a function of the evaporator pressure P2.

Similar to the ORC, thermal efficiency was constant between flow rates and increased at a

decreasing rate.

Figure 2.9 plots the irreversibility İa as a function of the evaporator pressure P2 for the

mass flow rates ṁ = 50 kg/s and ṁ = 250 kg/s. Irreversibility in the evaporator decreased

with evaporator pressure for the same reason as the ORC, namely that the average temper-

ature difference between the working fluid and hot source was lower as evaporator pressure

increased. Unlike the ORC, irreversibility in the condenser also decreased as evaporator pres-

sure increased. This is due to how the models were defined. In the ORC, the heating in the

evaporator stopped when the fluid became a saturated vapor. In the TRC, the heating in the

evaporator ended when the fluid reached the pinch point. In other words, the ORC heating
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Figure 2.7: Net power Ẇnet as a function of evaporator pressure P2 for several values of flow

rates ṁ for a transcritical Rankine cycle using hot flue gas at Tg,i = 150oC and ṁg = 700

kg/s and a cold source at Tw,i = 20oC.

was constrained by the dome of saturation while the TRC was constrained by the temper-

ature difference between the working fluid and flue gas. Therefore, the amount of heating

Q̇2→3, and therefore cooling Q̇4→1, was relatively constant among evaporator pressures for

the ORC, but not for the TRC.

Figure 2.10 plots the second law efficiency ηII against the evaporator pressure P2 for the

TRC. Second law efficiency appeared to follow same trend as the ORC in Figure 2.6.
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Figure 2.8: Thermal efficiency ηth as a function of evaporator pressure P2 for a transcritical

Rankine cycle using hot flue gas at Tg,i = 150oC and ṁg = 700 kg/s and a cold source at

Tw,i = 20oC.

2.3.4 Discussion

In order to compare the performance of the ORC and TRC cycles operating at various levels

of evaporator pressure P2, the thermodynamic mean temperature Tavg is defined as [73]

Tavg =
h2 − h1
s2 − s1

. (2.22)

Additionally, for the purpose of comparison mass flow rates ṁ at each thermodynamic mean

temperature Tavg were chosen such that net power was maximized.

Figure 2.11 plots (a) the net power Ẇnet and (b) the thermal efficiency ηth for the ORC

using R245fa and the TRC using CO2 as functions of thermodynamic mean temperature

Tavg in the evaporator with hot flue gas as the hot source at Tg,i = 150oC and ṁg = 700 kg/s

from a 500 MW power plant and a cooling water source at Tw,i = 20oC.. The mass flow rate
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Figure 2.9: Irreversibility İ as a function of the evaporator pressure P2 for values of CO2

mass flow rate ṁ of (a) 50 and (b) 250 kg/s for all components for a CO2 transcritical

Rankine cycle using hot flue gas at Tg,i = 150oC and ṁg = 700 kg/s and a cold source at

Tw,i = 20oC.
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Figure 2.10: Second law efficiency ηII as a function of the evaporator pressure P2 for several

CO2 flow rates ṁ for a transcritical Rankine cycle using hot flue gas at Tg,i = 150oC and ṁg

= 700 kg/s and a cold source at Tw,i = 20oC.

ṁ was optimized at each Tavg to maximize the net power Ẇnet.

Net power for both fluids followed approximately the same behavior. However, for a

given thermodynamic mean temperature Tavg the TRC produced more net power. In fact,

the ORC and TRC produced a maximum net power of 6850 kW and 7850 kW, respectively.

Interestingly, both cycles achieved maximum net power at Tavg = 76oC. Additionally, the

ORC achieved maximum power at the flow rate ṁ = 256 kg/s and the evaporator pressure

P2 = 0.9 MPa. On the other hand, the TRC achieved maximum power at the flow rate ṁ

= 284 kg/s and the evaporator pressure P2 = 14.4 MPa. At the maximum power the ORC

and TRC cycles had thermal efficiencies of 13.0% and 11.4%, respectively.

Moreover, the thermal efficiency of the two cycles were approximately equivalent for low

values of Tavg (≤65oC). However, the thermal efficiency of the TRC decreased for Tavg beyond
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85oC while the thermal efficiency of the ORC continued to increase linearly with Tavg. Table

2.3 summarizes the parameters of the ORC and the TRC that resulted in the maximum net

power Ẇnet.

In the preliminary analysis presented in Section 2.3.1, the thermal efficiency of the ORC

was estimated to be 10.3% for a maximum power of 9500 kW (or 1/3 of the Carnot efficiency).

On the other hand, the estimated maximum power was high than that obtained with our

thermodynamic models. Table 2.3 summarizes the differences between the values estimated

in the preliminary analysis and those calculated by the thermodynamic models for both the

ORC with R245fa and TRC with CO2.

Finally, note that cycle modifications such as regeneration and reheating which can in-

crease cycle performance were excluded from the model. In addition, superheating of R245fa

in the ORC was not considered. Therefore, while the preliminary analysis overestimated net

power, this gap might close as these processes are considered.

Cycle modifications should be studied before concluding whether an organic Rankine

cycle using R245fa or a transcritical Rankine cycle fluid using CO2 would produce more net

power. Also, the study should be extended to other fluids. Additional factors should also

be considered when comparing these power cycles for actual operation. First, CO2 has a

relatively high density, and considering that mass flow rates between cycles were similar, the

TRC will likely be more compact than the ORC [16]. This is important because smaller

equipment can lead to lower capital costs [74]. On the other hand, pressure also plays

a large factor in determining the price of process equipment [75]. Therefore, because the

CO2 transcritical Rankine cycle operates with very high evaporator pressures, the pump

and turbine costs will likely be higher than those for the ORC. Finally, working with high

pressure equipment introduces additional hazard in cycle operation [76].

2.4 Conclusion

An organic Rankine cycle with R245fa as the working fluid and a transcritical Rankine

cycle with CO2 as the working fluid were considered for the purpose of waste heat recovery
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from the flue gas of a 500 MW coal-fired power plant exiting the stack at TH = 150oC

and flow rate of ṁg = 700 kg/s. The cold source was taken at TC = 20 oC. At operating

conditions maximized for net power (ṁ = 256 kg/s and P2 = 0.9 MPa), the ORC was

found to generate 6850 kW of electricity at 13.0% thermal efficiency. Similarly, at operating

conditions maximized for net power (ṁ = 284 kg/s and P2 = 14.4 MPa), the TRC was found

to generate 7850 kW of net power at 11.4% thermal efficiency. Similar analysis should be

extended to other working fluids and should consider various Rankine cycle modifications

before determining the optimal cycle for waste heat recovery of flue gas.
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Figure 2.11: (a) Net power Ẇnet and (b) thermal efficiency ηth as functions of the thermody-

namic mean temperature Tavg with flow rate ṁ optimized to maximize the net power Ẇnet

for an (i) an organic Rankine cycle performed on R245fa and (ii) a transcritical Rankine

cycle performed on CO2 using hot flue gas at Tg,i = 150oC and ṁg = 700 kg/s from a 500

MW coal-fired power plant.
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CHAPTER 3

Compressed carbonation in the CO2NCRETE

production process

3.1 Introduction

In the last step of the CO2NCRETE production process described in Section 1.2, 3D printed

portlandite reacts with compressed CO2. For this carbonation process, the fraction of the

portlandite that undergoes carbonation increases with increasing CO2 pressure [77]. Note

that the carbonation reaction rate and the maximum percentage of portlandite carbonated

are not determined by the total pressure of the flue gas, but by the CO2 partial pressure

[21, 77]. As a result, enrichment can be used to increase the CO2 concentration of the gas

mixture and thus increase the CO2 partial pressure without increasing the pressure of the

mixture. Additionally, in order to produce large amounts of CO2NCRETE for a given level

of flue gas input, the pressurized carbonation can be performed in two stages. The first

stage of portlandite carbonation is performed with a stream of coal-fired power plant flue

gas while the second stage occurs with a stream of CO2 enriched gas.

3.2 Analysis

3.2.1 Schematic and description

Figure 3.1 shows a flow diagram of the compressed carbonation processes for CO2NCRETE

production with labeled sections. Coal-fired power plant flue gas at point A at TA = 25oC

enters the system with a pressure of PA = 101 kPa. This mixture is split into two streams;
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(1) the stream at point B is the gas that is sent to the un-enriched, or first, carbonation

stage and the stream at point C is gas that is ultimately sent to the enriched, or second,

carbonation stage. From point B to point F the flue gas is combined with the mixture at

point J which consists of excess gas from the second carbonation stage. This mixture is then

compressed to point F. At point F the mixture undergoes the carbonation process and then

is exhausted as a waste stream at point G.

Figure 3.1: A flow diagram of the two-stage compression and carbonation processes for a

low carbon footprint building material, CO2NCRETE, production.

The enriched stream is filtered through the membrane from point C to D. From point

B to point F the flue gas is combined with the mixture at point I which is reused gas from

the second carbonation stage. The mixture is then compressed to point E. From point E to

H the enriched mixture undergoes the carbonation reaction. Because the flue gas still has

a relatively high CO2 content it is reused with portions going to point J and point I rather

than being exhausted. After the second carbonation reaction, the CO2NCRETE production

process is complete. Additionally, in order to fill and empty the reaction chamber, the

production of CO2NCRETE is made in discrete batches.
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3.2.2 Ideal gas analysis

Two key ideal gas relations were used in this analysis. First, the mole fraction of gas “j” in

the flue gas yj, was determined by Amagat’s law expressed as [56]

yj =
Vj
Vmix

, (3.1)

where Vj is the volume of constituent j and the total volume of the gas mixture is denoted by

Vmix. Second, the partial pressure of the gas Pj was determined by Dalton’s law, expressed

as [56]

Pj = yjPmix. (3.2)

Next, the coal-fired power plant flue gas composition was found. Table 1.2, presented

in Section 1.1.1, summarized the composition of flue gas exiting the stack at 150oC and

101 kPa. It showed that 6.20% of coal-fired power plant flue gas was water by volume. The

CO2NCRETE production process, however, uses cold flue gas at ambient temperature, taken

as 25oC. The mixture composition presented in Table 1.2 cannot sustain this amount of water

vapor at the ambient temperature. In fact, at ambient temperature the water condenses out

of the mixture until its partial pressure decreases to the saturated pressure. At 25oC the

pressure of condensation of water Pcond is 3.17 kPa. The partial pressure of water in a gas

at 101 kPa and a molar content of 6.20% is 6.26 kPa. Therefore, water condenses out of

the mixture until the partial pressure of the water reaches 3.17 kPa. Using Dalton’s law

[Equation (3.2)] this can be expressed algebraically as,

Pcond =
nH2O

nO2 + nCO2 + nO2 + nN2 + nH2O

, (3.3)

where nj is the number of moles of each gas species j in the mixture. Solving for nH2O,

the water that remains in vapor form was calculated to be 50% of the original amount. In

addition, neglecting CO and NOx, the composition of the mixture was recalculated with

Equation (3.1). Table 3.1 summarizes the composition of coal-fired plant flue gas after

condensation of water vapor to 25oC. The partial pressure and saturation pressure for the

other flue gas constituents were such that they did not condense.
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Table 3.1: Typical coal-fired power plant flue gas composition after being cooled to 25oC [2].

Gas (% vol.)

CO2 13.12%

H2O 3.14%

O2 4.58%

N2 79.16%

Moreover, an analysis was performed to determine whether the flue gas mixture could be

treated as an ideal gas at 3 MPa. The compressibility factor Z is a measure of how much a

real gas deviates from ideal gas behavior and is expressed as

Z =
PmixVmix

nmixRT
(3.4)

where R is the ideal gas constant. When the compressibility factor equals unity the gas is

ideal and Equations (3.1) to (3.2) are valid. The compressibility factor is a function of the

mixture temperature and partial pressure of the gas. Kay’s rule is an empirically formulated

approximation used to calculate the critical temperature Tcr,mix and critical pressure Pcr,mix

of a mixture. Kay’s rule is expressed as [56]

Tcr,mix =
n∑

j=1

yjTj,cr and Pcr,mix =
n∑

j=1

yjPj,crit. (3.5)

where Tcr,j and Pcr,j are the critical temperature and pressure for gas species “j”. In order

to evaluate the compressibility factor from the critical temperature and pressure, reduced

temperature TR,mix and reduced pressure PR,mix were defined as [56]

TR,mix =
Tmix

Tcr,mix

and PR,mix =
Pmix

Pcr,mix

. (3.6)

Using a generalized compressibility chart, the compressibility factor for the flue gas at 3 MPa

and 25oC was found to be 0.97. Although the temperature of the gas in the carbonation

process is likely to be higher than 25oC, a higher temperature tends to make gases behave

more ideally [56]. Therefore, the ideal gas behavior was assumed to hold in the following

analysis.
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3.2.3 Assumptions

To make the problem mathematically tractable, the following assumptions were made: (1)

pressure drop was assumed to be negligible in the pipes, (2) the gas mixture was an ideal

gas and Amagat’s law and Dalton’s law were valid, (3) pressure of the gas constituents

exiting membrane enrichment was assumed to be equal to the partial pressure of those

gas constituents which entered the membrane. (4) Each batch was assumed to operate at

steady-state conditions (i.e., no ramp up/down effects). (5) The amount of time for each

batch was assumed to be dependent solely on reaction time and the amount of time needed

to empty the reaction vessel of building material between batches, assumed to be 1 hour.

(6) The pressure limit of the reaction vessel was assumed to be 3 MPa. (7) Additionally,

temperature was assumed to be constant and equal to 25oC.

(8) The mole fraction of the 3D printed portlandite sample undergoing carbonation was

assumed to be solely a function of reaction time and partial pressure of CO2. This neglected

the effects of temperature, geometry, and other elements in the gas mixture. The mole

fraction of portlandite carbonated as a function of time reaction time was given by two

curves fitted from experimental data at pressures of 0.1 MPa and 1 MPa. At 0.1 MPa, the

mole fraction of portlandite converted into CO2NCRETE during the first stage low-pressure

carbonation reaction C1 as a function of first stage reaction time t1 was given by [77],

C1 = 0.0622 ln t1 + 0.5989. (3.7)

At 1 MPa, the mole fraction of portlandite converted into CO2NCRETE during the second

stage high-pressure carbonation reaction C2 as a function of second stage reaction time t2

was given by [77],

C2 = 0.0945 ln t2 + 0.7558. (3.8)

Equations (3.7) to (3.8) were valid for levels of carbonation between 50% and 80% [77].
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3.2.4 Governing equations

Dalton’s law [Equation (3.2)] and the definition of mole fraction was solved for at every

point. Additionally, conservation of mass was applied when two streams were combined or

split. The total amount of CO2 entering the system NA,CO2 was expressed as

NA,CO2 =
mreq

MCO2

, (3.9)

where MCO2 is the molar mass of CO2 and mreq was a project requirement of the amount of

CO2 that must flow through the system in a 24 hour period. This project requirement was

200 kg CO2/day. The amount of CO2 entering per batch nA,CO2 was expressed as

nA,CO2 =
NA,CO2

ttot
, (3.10)

where ttot is the total amount of time for a batch given by

ttot = t1 + t2 + t3, (3.11)

where t1, t2, and t3 are the times of the first stage carbonation, the second stage carbonation,

and the amount of time between batches, respectively.

Mass conservation was performed through the carbonation reaction and given by

nG,CO2 = nF,CO2 − nCLC1, (3.12)

and

nI,CO2 = nE,CO2 − nCL(C2 − C1), (3.13)

where nG,CO2, nF,CO2, nI,CO2, and nE,CO2 are the amount of moles of CO2 in the flue gas at

points G, F, I, and E, respectively, while nCL is the amount of carbonated lime product (i.e.,

CO2NCRETE).

For an ideal gas mixture, enthalpy h̄mix is expressed as [56],

h̄mix =
n∑

j=1

yjh̄j, (3.14)
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and for an ideal gas mixture, entropy s̄mix is given by [56],

s̄mix =
n∑

j=1

yj s̄j. (3.15)

The work required by the compressor Wcomp to compress the gas mixture to 3 MPa was

expressed as

Wcomp = nmix(h̄mix,e − h̄mix,i), (3.16)

where the subscripts e and i refer to the exit and inlet, respectively. The exit enthalpy of

the gas mixture h̄e was expressed as

h̄e =
h̄e,s − h̄i
ηs,comp

+ h̄i, (3.17)

where the isentropic efficiency of the compressor ηisen,comp was assumed to be 0.6.

Table 3.2 summarizes the input parameters used in the model for the two-stage compres-

sion production processes of CO2NCRETE.

Table 3.2: Summary of the input parameters used in the model for the two-stage compression

production processes of CO2NCRETE.

CO2 inlet requirement, mreq, 200 kg CO2/day

Inlet flue gas CO2 concentration, yA,CO2 0.1312

Inlet flue gas pressure, PA 101 kPa

CO2 concentration exiting the membrane, yD,CO2 0.68

Compressor exit, PE,PF 3 MPa

The preceding formula resulted in a system of 42 equations. The equations consisted of

42 unknowns including the number of moles of flue gas mixture nmix, the number of moles of

CO2 constituent nCO2, the CO2 mole fraction yCO2, the total mixture pressure Pmix, the CO2

partial pressure of the flue gas PCO2, the number of moles of CaCO3 at each stage nCL, the

durationg of the first and second stage carbonation t, and the batch time ttot. This system

of equations was solved using Matlab while compressor work was calculated using properties

retrieved in EES.
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3.3 Results and discussion

3.3.1 System points

Table 3.3 summarizes the total mass of flue gas mmix, the CO2 mole fraction yCO2, and the

pressure at each point in the system in order to capture 200 kg CO2/day in the form of the

limestone building material. To do so, a coal-fired power plant should provide 2181 kg of

flue gas at 0.101 MPa and a CO2 mole fraction of 0.132. As expected, the CO2 mole fraction

is constant across the split from points A to points B and C, with 67% of the gas mixture

going to the membrane at point C. This system would exhaust 300 kg of flue gas mixture at

0.593 MPa and a CO2 mole fraction of 0.188.

Table 3.3: The mass of the flue gas mixture, the CO2 mole fraction, and the pressure for

each point over the period of one day in the two-stage compression system designed for low

carbon-footprint building material production (Figure 3.1).

Point
Mass of mixture CO2 mole Mixture pressure,

per batch, mmix fraction, yCO2 Pmix

A 2181 kg 0.131 0.101 MPa

B 715 kg 0.131 0.101 MPa

C 1466 kg 0.131 0.101 MPa

D 462 kg 0.680 0.041 MPa

E 465 kg 0.667 3.000 MPa

F 1014 kg 0.253 3.000 MPa

G 1089 kg 0.118 0.593 MPa

H 397 kg 0.618 1.132 MPa

I 98 kg 0.618 1.132 MPa

J 300 kg 0.618 1.132 MPa
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3.3.2 CO2NCRETE production metrics

Table 3.4 shows the mass of CO2NCRETE produced, the mass of CO2 captured, and the

time for each reaction in the CO2NCRETE production process. A total of 472.0 kg of CO2

were captured by the carbonation reaction and 637.6 kg of CaCO3 were produced with a

batch time of 3.38 hr. Note that the moles of CaCO3 and CO2 were identical because of

stoichiometry in Equation (1.3). Although the mixture spends more time in stage 2 of the

carbonation, significantly less carbonation occurs. This is a result of (i) the portlandite being

60% carbonated as it enters stage 2 and (ii) the logarithm relationship between carbonation

reaction fraction and time [Equation (3.8)].

Table 3.4: The mass of CO2NCRETE produced, The mass of CO2 captured, and the duration

of each compression stage over the period of one day in the two-stage compression system

designed for low carbon-footprint building material production.

Carbonation Mass of CO2NCRETE Mass of CO2 Duration, t

stage produced, mHL consumed, mCO2

Stage 1 484.7 kg 358.8 kg 7.67 hr

Stage 2 152.9 kg 113.2 kg 9.23 hr

Total 637.6 kg 472.0 kg 24 hr

The total amount of work required to power the compressors for a day Wcomp was 1,014

MJ, or 1,589 kJ/kg of CO2NCRETE. It was divided in 78% for the compression for stage 1

carbonation, and 22% for the compression for stage 2 carbonation.

3.3.3 Energy analysis for CO2NCRETE production processes

As discussed in Chapter 2, for a 500 MW coal-fired power plant with flue gas exiting at 150oC

at 700 kg/s, the ORC using R245fa and the TRC using CO2 could produce 7850 kW and

6850 kW, respectively. Assuming the process can be scaled to different amounts of flue gas

input, 7850 kW generated from 700 kg/s of flue gas is equivalent to 11.2 kW/kg of inlet flue

gas. Also, assuming the inlet flue gas is at steady-state conditions, then 11.2 J/kg of inlet
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flue gas could be generated from the TRC over a period. If the TRC system were to recover

energy from the flue gas entering the two-stage compression system, it would produce 23.6

MJ (taking into account the water that condensed out of the flue gas).

Therefore, if the TRC were to recover energy from the coal-fired power plant flue gas

before entering the two-stage carbonation system, it would be able to supply about 2.3% of

the 1,589 kJ/kg of CO2NCRETE required. This may not be a useful proportion of energy,

especially when considering the capital cost and operating cost of the TRC.

3.4 Conclusion

The processes for compressed carbonation in the CO2NCRETE production process were

modeled for laboratory scale operation. The mass of the flue gas mixture, the pressure, and

the CO2 mole fraction at each stage of the process were evaluated as well as the total energy

requirements and the mass of CO2NCRETE produced. It was found that the system would

require 1,1014 MJ of work, 2181 kg of flue gas, and produce 637.6 kg of CO2NCRETE per

day. When the energy required for compression was compared to the energy that would be

recovered from waste heat, it was found that a waste heat harvesting cycle with coal-fired

power plant flue gas at 150oC and a cold source at 20oC would produce 2.3% of the required

compressor work.
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CHAPTER 4

Conclusion

This thesis was concerned with making a more efficient CO2NCRETE production process,

capturing CO2 into limestone. To this end, thermodynamic models of an organic Rankine

cycle with R245fa as the working fluid and a transcritical Rankine cycle with CO2 as the

working fluid performing waste heat recovery from a typical 500 MW coal-fired power plant

with a flue gas flow rate of ṁ = 700 kg/s and temperature at TH = 150oC and cold source at

TC = 20oC were created and evaluated. At operating conditions maximized for net power,

the organic Rankine cycle was found to generate 6850 kW of net power with 13.0% thermal

efficiency. Similarly, at operating conditions maximized for net power, the transcritical

Rankine cycle was found to generate 7850 kW of net power with 11.4% thermal efficiency.

However, study of additional fluids and Rankine cycle modifications is needed before choosing

the optimal cycle for waste heat recovery. Finally, the two-stage carbonation system in the

CO2NCRETE production process was modeled. It was found that the system would require

2,181 kg of flue gas and produce 637.6 kg of CO2NCRETE building material per day. The

energy requirement was 1,589 kJ/kg of CO2NCRETE. It was found that the waste heat

recovery system could produce 2.3% of the energy required to compress the flue gas at 3

MPa necessary to achieve 79% carbonation in 2.3 hours. If one can tolerate less carbonation

and/or longer production time and lower production rate, the pressure can be reduced. Then,

the waste heat recovery system will provide an increasing fraction of the energy necessary

for compression.
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