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ABSTRACT

This study evaluates the techno-economic feasibility and the embodied carbon dioxide intensity (eCI) of a novel process for producing nominally
pure (>95 mass %) calcium hydroxide without the need for the thermal calcination of limestone. The process relies on the aqueous extraction of
calcium from alkaline industrial wastes following which portlandite (Ca(OH)2: CH, a.k.a. slaked lime or hydrated lime) is precipitated by application
of a waste-heat based thermal swing. This approach takes advantage of the temperature dependent solubility of CH at ambient pressure. We
evaluated the feasibility of implementing this process in the U.S. based on the geospatial availability of waste heat and slags as a Ca-source. For the
base case, the cost of production of “Low-Temperature Portlandite (LTP)” is 2-to-3 times that of traditional portlandite (~$180/tonne). The main
driver of cost is the electricity demand for reverse osmosis (RO) which is used to concentrate Ca-ions in solution, and the costs of membrane
replacement. Our sensitivity analysis showed that parity with the cost of production of traditional portlandite is readily achievable by selecting
membranes with better durability (i.e., better pH resistance) and flux (i.e., higher permeability) without sacrificing selectivity. Significantly, LTP
features an eCI that is between 40%- and - 80 % lower than its traditional counterpart when electricity is sourced from natural gas combustion or
wind power, respectively. Finally, our geospatial analysis reveals that there are three areas in the U.S. with the potential for implementation of
industrial-scale facilities that could produce at least 50 tonnes of pure Ca(OH), per day, while achieving a production cost of ~$270 per tonne of Ca
(OH),, owing to the proximity between slag feedstocks and waste heat sources.

1. Introduction

Portlandite or hydrated lime (Ca(OH)s) is an ubiquitous mineral that finds use in the production of paper, glass, sugar, and steel; as
well as in construction, water treatment, and agricultural applications [1-5]. More recently, hydrated lime has been studied as a CO,
capture agent, as a binder for concrete production [6,7], and as a thermochemical energy storage agent in solar thermal power ap-
plications [8,9]. Despite the potential environmental benefits of using hydrated lime, its production via the traditional “thermal
process” emits at ~0.8 tonnes (t) of COy per t of Ca(OH); due to the calcination of limestone (CaCOs3) at elevated temperatures
(~900 °C) [10]. As aresult, with a global production of 420 million tonnes of quick- and hydrated-lime [11], the lime industry added
~320 million t of CO; to the atmosphere in 2020.

According to the European Union’s Lime Association, 38 % of lime production is used in the steel industry [1]. Lime is used in
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electric arc and basic oxygen steelmaking furnaces to remove impurities from iron ores, which results in an alkaline byproduct called
slag [12-15]. The worldwide generation of iron and steel slag byproducts — with a CaO content ranging between 20-to-50 mass % [13,
16] — was estimated to be ~300 million tonnes in 2020 according to the United States Geological Survey (USGS) [17]. Although some
types of slag find use as supplementary cementitious material [5], many other types — such as basic oxygen furnace (BOF) slag — are
landfilled because of their high free lime content, which results in expansion and volumetric instability in concrete [12,18-20]. To
reduce the CO; footprint of Ca(OH),, we previously demonstrated a low-temperature (<100 °C) calcination-free route to produce Ca
(OH), from steel slag at the bench- and pilot-scales [21]. Therein, an alkaline Ca-containing solution is obtained by dissolving slag in
water. The solution is concentrated using reverse osmosis (RO) to reach the saturation point of Ca(OH); at room temperature and then
heated to >65 °C to precipitate Ca(OH)3 [21,22]. Our pilot scale study demonstrated the continuous production of high purity (>95
mass %) Ca(OH),, and elucidated strategies to improve the efficiency and decrease the electricity consumption of the process by
decreasing the slag’s particle size for dissolution and increasing the precipitation temperature, respectively. The approach follows the
principles of circular economy because it enables resource reuse and recovery from industrial byproducts [23] and has the potential to
reduce not only the CO5 footprint of lime production [24] but also the environmental impacts of quarrying limestone [25] and
landfilling slag.

The proposed LTP production approach could be implemented in industrial facilities with large availability of waste heat such as
thermal power plants or steel plants where the slag is produced. Nevertheless, the electricity consumption, the availability of waste
heat and slag, and the proximity between these two resources could be barriers to upscaling this process. Therefore, this study ex-
amines the upscaling potential of producing Ca(OH), from unused (i.e., crystalline, air-cooled) slags and compares its CO footprint to
traditional Ca(OH); production. Specifically, the techno-economic feasibility and the environmental impact of producing portlandite
from alkaline industrial wastes at the commercial scale using waste heat from thermal power plants, were assessed using AspenPlus©.
Additionally, the production cost and the CO5 footprint of hydrated lime was evaluated as a function of relevant variables such as the
cost and source of electricity and slag. Finally, we elucidate the locations in the U.S. that are suitable to implement such a process via a
geospatial analysis that considers the location and availability of slag and waste heat feedstocks.

2. Methodology
2.1. Process description and modeling

The proposed Ca(OH); production system was modeled using AspenPlus© [26] using data from our own bench- and pilot-scale
experimentation and simulations [27]. Fig. 1 shows the process flow diagram (PFD) of the Ca(OH), production process. A base
case that represents the production of ~52 tonnes of Ca(OH), per day was selected as is typical for lime production [24]. The model
evaluates the mass and energy balances of Ca(OH), production facility, and is used to estimate the capital and operating expenses of
the process. Moreover, the model includes discrete process steps/unit operations including leaching, solid-liquid separations equip-
ment, and a heat exchanger to recover the heat from the precipitation step and eliminate the need for cooling of the liquid reservoir.

Leaching: The process starts with the leaching of the slag in water in the leaching reactor. The water required for leaching is initially
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Fig. 1. The system boundaries of the proposed Ca(OH), production process.
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pristine, and thereafter sourced from recirculated permeate solution [27]. The leaching process was not simulated based on
phenomenological equations because the rate and magnitude of calcium release from slag is influenced by many factors such as the
type of slag, the particle size, the solid to liquid (s/1) mass fraction, and the type of leaching reactor (e.g., stirred tanks, fixed bed)
[28-30]. Instead, the s/l mass fraction and the leachate concentration [Ca]; in the reactor were fixed as 0.01 and 8.1 mmol/L (mM),
respectively, based on leaching experiments performed with a representative basic oxygen furnace (BOF) slag [27]. The model
assumed that in time 100 mass % extraction of the calcium content of slag (20 mass% CaO based on XRF analysis [27]) to form Ccat
ions is achieved. It is important to note that these leaching assumptions are optimistic and combine the best possible case scenario.
After leaching, the resulting alkaline leachate is separated from the unreacted slag particles using a filter. The energy required for the
solid-liquid separation was calculated as the energy required to pump the leachate through the filter using the leachate pump Wy. In
general, the pumping power was calculated with equation (1) as

i _Vi8P), .
3

where 7, = 0.8 is the hydraulic pump efficiency. V; is the solution flow rate (in m®/s) of the stream j entering the pump, withj = I,m, s
indicating leachate, mix, and saturate streams, respectively. (AP); indicates the pressure increase (in Pa) delivered by pump I, with i =
L, RO, S indicating leachate, RO, and saturate pumps, respectively. The pressure increase delivered by the leachate pump was assumed
to be (AP), = 101,325 Pa:

Reservoir: The filtered leachate that is enriched in Ca-species enters the reservoir where it is mixed with the cool saturate stream.
The latter is recirculated from the precipitation step to improve process efficiency. The calcium concentration, volumetric flow rate
and temperature of the mixed stream exiting the reservoir were calculated with equations (2)-(4) as

Vin=Vi+ Vi @)
V.. [Cdl,, = Vi[Ca), + V.s[Ca],, 3)
ViT, + VT,
= l.l+ ‘cs cs (4)
Vi+ Vg

where V, [Ca], and T stand for volumetric flow rate, calcium concentration (in rnol/m3), and temperature (in °C), respectively. The
subscript cs corresponds to the cool saturate stream.

Reverse Osmosis (RO) concentration: To enable RO-based concentration, the mixed stream exiting the reservoir is pressurized using
the RO pump from atmospheric pressure P,, = 101, 325 Pa to a feed pressure of P; = 900,000 Pa. The pumping power was calculated
using Equation (1) with (AP),, = 798,675 Pa. The selection of the feed pressure was based on previous pilot-scale data [27]. To model
the RO membrane separation step, a mass balance for the solution and for calcium species (Equations (5) and (6)) was carried out as
follows

Vf = Vp + Vcr (5)
Vy [Cd]; =V, [Cd], + Ver[Cd],, (6)

where the subscripts f,p, and cr stand for feed, permeate, and cool retentate streams, respectively. The volumetric flow rate of the
permeate stream was calculated with equation (7) as

V,, = AroLp(APren — Ar) @

where Ao is the RO membrane area, L, = 8.64 + 10712m® /(s m? Pa) is the membrane permeability estimated from experimental data
[21] and reported in literature [31-33]. APpn is the transmembrane pressure difference defined as the difference between the feed
pressure Py and the permeate pressure P, = 101,325 Paq, i.e., APnen, = Py — Pp. The osmotic pressure difference between the feed and
the permeate solutions was calculated with equation (8) as [34,35]

An:RUTf[<[Ca]f+ [OHi]f> - <[Ca]p+ [OHi]pﬂ ®

where Ry = 8.314 J mol 'K~! is the universal gas constant and Ty is the feed temperature. Since the heat generated by the RO pump is
negligible, the temperature of the feed is equal to the mix stream, i.e., Tf = Tj,. The concentration of [OH™] in all the streams was
calculated by imposing electroneutrality in solution such that 2 [OH"| = [Cal. The permeate calcium concentration [Ca], was calcu-
lated with equation (9) based on the membrane rejection coefficient R = 0.99 according to membrane manufacturer data such that

[Ca], =[Cal;(1 - R) )

Retentate preheating and saturate recirculation: Prior to precipitation, the cool retentate — concentrated using RO to the saturation
point of Ca(OH); at room temperature — is preheated using the hot saturate stream exiting the precipitation reactor through the heat
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exchanger (Fig. 1). The heat absorbed by the cool retentate stream in the heat exchanger Q;;; was calculated with equatin 10 using the
general energy balance [36]

Q= Vj/)CP(AT)j (10

where V, is the volumetric flow rate of the retentate stream exiting RO, p = 1000 kg/m® is the density and ¢, = 4184 J kg 1K~! is the
heat capacity of the solution. (AT)]- = Tjou — Tjn indicates the temperature difference across the heat exchanger between the outlet
and inlet streams. In the case of the recycle heat exchanger Tj o, and Tj;, correspond to the temperature of the hot retentate T, and the
cool retentate T, respectively. Similarly, the heat delivered by the hot saturate stream was calculated with equation (10) with Tj oy
and Tj;, equal to the temperature of the cool saturate T,; and hot saturate Ty, respectively. The temperature of the cold saturate T,; was
imposed at 30 °C to eliminate further cooling electricity requirements in the reservoir. The recycle heat exchanger surface area was
estimated using equation (11) as

I (11)

where U = 849 W/m?2K is the overall heat transfer coefficient [36], Ay is the area of the countercurrent heat exchanger and LMTD is
the log mean temperature difference calculated with equation (12) as [36]

(Tcx - Tzr) - (Thx - Thr)
ln[(Tcs - Tcr)/(Ths - Thr)]

Precipitation: The hot retentate stream enters a continuously stirred-tank precipitation reactor. Within the precipitator, the solution
was assumed to be in equilibrium with portlandite, i.e., Ca** + 20H~ < Ca(OH), (s- The concentration of the hot saturate stream

LMTD = (12)

[Cal,,, exiting the precipitation reactor was calculated based on the solubility of portlandite as a function of temperature [Ca],, = f(T#;)
as illustrated in Fig. 2. The mass flow rate of solid Ca(OH) exiting the crystallizer mc, o), Was calculated with equation (13) as

Mcatom, = Vis Meaiom, ([Cal, — [Caly,) (13

where Vj, is the hot saturate volumetric flow rate, Mcq(om), is the molar mass of Ca(OH)z (in kg/mol) and [Cd]., and [Ca];, are the
calcium concentration of the cool retentate and hot saturate streams, respectively. Additionally, since the mass of Ca(OH), precipitated
is negligible compared to the volume of liquid (<0.1 mass %), the retentate and saturate flow rates were assumed to be equivalent such
that Vi, = Vjs. The heat required for precipitation is assumed to come from the flue gas exiting a thermochemical (e.g., natural gas,
coal, etc.) power plant. The thermal power (in W) required for Ca(OH), precipitation Qp was calculated using Equation (10) with T out
and Tj;, equal to the temperature of the hot saturate Ty, and cool retentate Ty, respectively. The temperature of the hot saturate Ty, was
set as 83 °C. After filtering out the precipitated Ca(OH),, the hot saturated solution is recirculated using the saturate pump to the heat
exchanger and thereafter to the reservoir, thereby completing the closed-loop process.

2.2. Analysis method

Fig. 3 shows a block diagram of the method to calculate the steady-state pumping power and the heating requirements to produce
52 tonnes per day of Ca(OH); via the LTP process. The variables used to initialize the solution were the inlet slag mass flow rate myqg in,
the leaching reaction conversion X, the RO membrane area Ago, and the volumetric flow rate of the mix stream V. After initialization,
AspenPlus© solves equations (1)-(13) simultaneously until convergence satisfies all the equations. The model satisfied the following
constraints, which are representative of the operating conditions tested on the lab- and pilot-scale: (i) a s/l mass fraction in the leaching
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Fig. 2. Ca(OH),’s solubility as a function of temperature (AspenPlus database).
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Fig. 3. The block diagram of the method used to calculate the heat and power consumption of the LTP production process.

reactor of ~0.01, (ii) a leachate Ca concentration of ~8.1 mM (iii) a factor of 2 increase in the calcium concentration of the feed from
the RO step (iv) a retentate concentration corresponding to the saturation point of Ca(OH); at room temperature, and (v) a Ca(OH),
production rate nic,om), of ~52 t/day.The initial guesses were modified iteratively until the solution of the model satisfied all the
constraints.

2.3. Technoeconomic analysis (TEA)

Capital expenditure (CapEx) estimation: To estimate the cost of the RO step, the RO membrane area was calculated using WAVE®
[37]. The simulation assumed single stage (single pass) concentration using FilmTec™ BW30-4040 (DuPont) spiral wound elements.
The calcium concentrations and flow rates of the feed, permeate and retentate streams obtained from the AspenPlus© simulations were
reproduced in WAVE® to estimate the membrane area required for RO considering constraints of the spiral wound elements such as
minimum and maximum permeate and retentate flow rates and maximum pressure drop per element [37]. The membrane cost was
assumed to be $19/m? [38-40]. The total installed cost of the RO unit —including pressure vessels, pipes, support frame, etc. — was
estimated based on a commercial RO plant [41] assuming that the cost of other items scales with the membrane cost (Fig. S1).

The capital costs of the leaching and precipitation reactors, the heat exchanger and the pumps were estimated using the AspenPlus
Capital Cost Estimator™ (ACCE). The software sizes each unit operation and calculates equipment and installation costs encompassing
equipment, instrumentation, civil work, electrical work, insulation needs and paint. Since the price basis considered was 2016, the
price was escalated assuming an average inflation rate of 3.3 % per year up to 2022 [42]. The land cost was not considered because this
process would be co-located alongside an existing power plant which typically has excess land available. Project contingency costs
were not considered. Additionally, no discount rates, tax rates, or CO5 credits are considered in this analysis. The lifetime of the plant n
was assumed to be 30 years. The distributed capital cost was calculated as the total capital expenditures, CapEx, divided by the plant
lifetime n and the Ca(OH), production rate mcqon), (in tonnes/year), as shown in equation (14).

distributed CapBx ——CPEX (14)
N Mca(oH),

Operating expenditure (OpEx)estimation: The main operating costs considered were the costs of electricity, slag, slag transport,
membrane replacement, and labor. The cost of electricity was calculated based on the (RO) pumping power requirements obtained
from the AspenPlus© simulation, assuming the cost of electricity is $0.07/kWh [43]. The cost of slag was assumed to be $1 per t based
on commercial price estimates for crystalline/air-cooled slags. A membrane replacement frequency of 5 years was assumed. Labor
costs were assumed to be 2 % of the CapEx [41,44]. All the operating costs were divided by the Ca(OH); production rate assuming a
plant capacity factor of 80 %. The cost of waste heat and water were not considered because the former is a co-product that is otherwise



S. Vallejo Castano et al. Heliyon 10 (2024) e32426

wasted, and water can be fully recirculated inside the process (i.e., water recovery greater than 99 % as demonstrated at the pilot-scale)
[271.

2.4. Embodied carbon intensity (eCI)

The goal of the eCI analysis was to evaluate material and process aspects of the LTP process as compared to traditional portlandite
production. The life cycle impacts were modeled using the openLCA software [45], with the modified National Energy Technology
Laboratory (NETL) CO2U LCI database [46] supplemented with the National Renewable Energy Laboratory (NREL) U.S. Life Cycle
Inventory (USLCI) database [47]. The production, manufacture, and construction of manufacturing capital goods, capital infra-
structure production equipment and vehicles, and personnel-related activities are excluded from the analysis. Fig. 4 shows the system
boundary considered for the cradle-to-gate CO; footprint analysis of the (a) LTP and (b) traditional portlandite production processes
and describes key material/energy inputs and reference flows.

Low-temperature portlandite production process: The CO5 footprint of LTP production was calculated on the basis of 1 t of Ca(OH)»
produced via slag dissolution, RO concentration, and aqueous precipitation at a temperature of 83 °C. The electricity and material
inputs were calculated from the base case scenario simulations. The specific energy consumption of grinding slag was calculated using
equation (15) as [48].

kWh 10 10
o (nseg) (3 va) a9

where W; = 18.3 kWh/ton slag is the Bond work index of slag [49], d; = 9500 um is the initial particle size and d = 100 um is the final
particle size. The environmental impact of slag production was not considered because this material is a by-product of steel production.
Following the same argument, no environmental impact was associated with the waste heat required for Ca(OH), precipitation. Three
different sources of electricity generation were considered: (I) supercritical coal, (II) natural gas, and (III) solar thermal.

Traditional portlandite production process: The CO footprint of traditional portlandite production was calculated on the basis of 1 t of
Ca(OH), produced via limestone quarrying, calcination, and lime (CaO) hydration. The electricity and fossil fuel consumption for
limestone quarrying and calcination were taken from the NREL USLCI database [47]. It was assumed that limestone is quarried from
open pits by blasting, followed by mechanical crushing and screening. Thereafter, limestone calcination in a rotary kiln — requiring
electricity and fossil fuel — produces CaO. Finally, CaO hydration produces Ca(OH)3, but no energy consumption was associated with
this final hydration step.

2.5. Geographic analysis of slag and waste heat availability in the U.S.

Estimation of slag and CaO availability from steel production: [50] The amount of slag produced in the U.S. was estimated from the CO»
emissions of steel production facilities assuming a ratio of CO5 emitted to steel produced of 0.64 [51], and a ratio of slag to steel
produced of 0.12 [50,52]. The CO, emissions from steel plants was obtained from the NATCARB database considering only the iron
and steel production category [53].

Estimation of waste heat from thermal power plants: [54] Plant-level data for electricity generation, fuel consumption and cycle type
reported in the Energy Information Administration (EIA) form EIA-923 was used to estimate waste heat generation [55]. The form
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Fig. 4. The cradle-to-gate LCA of (a) LTP and (b) traditional portlandite production processes. The dashed boxes indicate the boundaries of the LCA.
The shaded box in traditional portlandite production indicates the data was retrieved from the NREL U.S. Database.
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reports the annual electricity generation Wy, and the total heat input from the utilized fuel Q¢ for every thermal power plant in the
U.S. The types of fuel considered for the geospatial analysis were coal and natural gas, operating with steam or gas turbines. Equations
(16) and (17) were used to calculate the cycle efficiency and the waste heat for each plant [54].

Welec/ n bi
ncyCIe = qu:r = (16)
WE e
Quaste = quel e a7
Mturbine

where 77,1, is the turbine efficiency taken as 86 % and 93 % for steam and gas turbines, respectively [54]. To validate the results, the
cycle efficiency was compared to typical efficiencies of the Brayton and Rankine cycles.

Relative distance between thermal power plants and slag facilities: The locations of slag facilities were obtained from the National Slag
Association. The location of the thermal power plants was obtained from form EIA-860 [56]. The distance from each power plant to
every slag facility in the same state was calculated with equation (18) as

D=1/(K1A¢)* + (K2A0)° (18)

where Ag is the latitude difference and A4 is the longitude difference between the two points. K; and K are constants. A MATLAB [57]
script was developed to identify the closest slag facility to each power plant. The location data obtained was visualized using the QGIS
software [58].

3. Results and discussion
3.1. Base case scenario

Table 1 summarizes the main results of electricity and heat consumption for the base case scenario. The total electricity con-
sumption of the process is ~1095 kWh per t Ca(OH); and it was dominated by the RO pumping demand. The total heat required for
precipitation (Qp + Quy) is ~113725 kWh/t Ca(OH),, i.e., two orders of magnitude larger than the total electricity consumption.
However, at steady state 90 % of this heat is supplied through heat recovery using a heat exchanger. Hence, for the production rate
considered herein, the heating rate required at steady state to produce 52 t per day of Ca(OH), is ~26 MW, which is compatible with
the residual heat flux of median-size thermal power plants in the U.S [54]. The results demonstrate that the heat exchanger is essential
because it reduces the waste heat input required at steady state by an order of magnitude by preheating the cold retentate. Second, it
cools down the hot saturate stream to 30 °C which is required for continuous operations. If electricity was necessary for cooling the
feed stream, the operating costs of the process would be prohibitive.

3.2. Technoeconomic analysis

The total capital expenditure of a 52 t per day LTP plant was estimated to be $40,827,448. Fig. 5 shows the breakdown of (a) the
capital and (b) the fully loaded Ca(OH); production costs for the base case scenario. Fig. 5(a) shows that the RO unit and the heat
exchanger account for 87 % of the total upfront investment due to the large membrane and heat exchange areas required for the
concentration and heat recovery processes, respectively. Based on the membrane area requirement (Table 1) the cost of membranes
was estimated as $3,230,406. Thus, capital expenditures for the fully installed RO unit were estimated to be $16,475,069, i.e., ~5.1
times the cost of membranes. The assumptions considered to calculate the capital cost of the RO unit — including membranes, pressure
vessels and piping — are presented in Fig. S1 [41]. Fig. 5(b) shows that slag and transportation are the least expensive operating costs.
Moreover, the analysis indicates that the main driver of the operating cost was the RO step, due to electricity and membrane

Table 1
A summary of the AspenPlus© simulation of the base case scenario to produce ~52 tonnes of Ca(OH); at a single
plant location per day.

Base Case Scenario

Ca(OH); production rate mic,(on), from simulation 52.4 t Ca(OH),/day
Ca(OH); production rate mic,on), considering capacity factor 41.9 t Ca(OH)y/day

RO pump energy consumption Wro 971.5 kWh/t Ca(OH),
RO membrane area Aro 169,232 m>
Low-pressure pumps energy consumption Wy, + Ws 123.2 kWh/t Ca(OH),
Slag consumption Mg in 3.7 t slag per t Ca(OH),
Precipitation heat Qp 11,818 kWh/t Ca(OH),
Heat recovery from heat exchanger Qpx 101,906 kWh/t Ca(OH),
Heat exchanger area Apx 52,321 m?

Feed flow rate 3499.7 m?/t Ca(OH),
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Fig. 5. The breakdown of: (a) capital costs and (b) fully loaded production costs of a commercial scale LTP production plant.

replacement costs.

Table 2 shows the operating cost breakdown of the base case scenario. The total operating expenses were calculated to be $182.92
per t Ca(OH)s,. The fully loaded production cost — also known as the break-even point — calculated as the sum of OpEx plus Distributed
CapEx for a plant producing 52 tons of Ca(OH), per day was $271.86 per ton Ca(OH),. The distributed capital cost calculated with Eq.
(14) was $88.94 per ton Ca(OH),. The fully loaded production cost of the LTP production process is ~2-3 times higher than the
wholesale price of Ca(OH)2 - ranging between $160 to $180 per t Ca(OH), based on manufacturer data — but could compete in the
specialty market where the fine size, and controlled shape of similar products ranges between $460 and $560 per t Ca(OH),. Assuming
a midpoint sale price of $510/t Ca(OH),, the margin would be 47 % and the payback period would be 8.1 years.

First, a sensitivity analysis was performed with particular emphasis on the RO step, since it represents the largest cost fraction of Ca
(OH), production. Fig. 6 shows the operating cost of RO combining electricity and membrane replacement per t of Ca(OH); as a
function of feed pressure for the following scenarios: (a) assuming membranes are replaced every 5 years (base case scenario) and (b)
for different membrane replacement frequencies. Fig. 6(a) shows that the minimum combined RO operating pressure for the base case
scenario is around 650 kPa. Additionally, it demonstrates there is a tradeoff between electricity and membrane cost as a function of RO
feed pressure. Fig. 6(b) demonstrates that a lower membrane replacement frequency would reduce by half the RO operating cost.
Moreover, the optimum operating pressure decreased with decreasing membrane replacement frequency. The results indicate that
durable RO membranes that can withstand high pH conditions would make the LTP process more economical. And, although some RO
membranes claim a pH operating range between 1 and 13, the extent to which operating under high pH conditions would decrease the
membrane lifetime remains unclear.

Second, a sensitivity analysis on the operating cost was performed considering the variables and ranges therein shown in Table 3.
Fig. 7 shows the results of the sensitivity analysis. The model is particularly sensitive to the cost of slag especially if the slag’s Ca-
content is not effectively utilized because of the large amount of slag required to produce 1 t of Ca(OH)». A larger Ca-extraction ef-
ficiency would reduce the sensitivity of the model to the cost of slag, underscoring the importance of maximizing calcium extraction
during leaching, which if unoptimized is only ~10 mass % [21]. The frequency of membrane replacement is the second variable that
strongly influences the production cost of Ca(OH);,. According to the membrane manufacturer, the replacement frequency can be as
large as every 5-7 years. However, since the concentration process operates at a pH higher than the recommended by the manufac-
turer, the long-term stability of the membranes may be compromised due to membrane fouling and degradation. Finally, the cost of
slag transport highlights that the source of slag should be as close as possible to the Ca(OH), production plant. The minimum and
maximum production costs that could be achieved combining all the variables considered in the sensitivity analysis range between ~
$80 and $595 per t Ca(OH),.

Table 2
The detailed breakdown of costs for the base case scenario.

Cost variables

Assumption

Cost ($/t Ca(OH)2)

Direct labor
Slag
Electricity

Membrane replacement

Slag transport

OpEx

Distributed CapEx

Fully loaded production cost

2 % of capital cost per year
$1 per ton of slag
$0.07 per kWh

Every 5 years
20 miles ($0.051 per ton-mile)

30-year plant lifetime

53.37

3.7

67.93 (RO pump)

8.62 (Low pressure pumps)
3.37 (Grinding)

42.23

3.7

182.92

88.94

271.86
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Fig. 6. (a) The cost of electricity and membrane replacement (assuming membranes should be replaced every 5 years) as a function of feed pressure
for RO concentration, and (b) A sensitivity analysis of optimum combined operating cost of RO (electricity + membrane replacement) as a function

of the membrane replacement frequency.

Table 3

The range of the primary variables that affect the cost of LTP production.
OpEx Variables Minimum Maximum Units
Direct labor 2% 8% % of CapEx per year
Slag cost $0 $10 per ton of slag
Electricity $0.03 $0.13 per kWh
Membrane replacement 1 year 5 years Replacement frequency
Slag transport 1 mile 100 mile Transport distance

Membrane replacement

Direct labor

Slag

Electricity

Slag transport

I Minimum

Maximum
T

100

200 300 400
Production cost $ (USD)

500

Fig. 7. A sensitivity analysis showing the fully loaded production cost of Ca(OH), including the cost of labor, slag, electricity, transport, and

membrane replacement frequency.

3.3. Lifecycle analysis (LCA)

Fig. 8 shows the 100-year global warming potential (GWP) of traditional and low-temperature Ca(OH), production assuming 3
different sources of electricity: (I) coal power, (II) natural gas power, and (III) solar thermal power. The figure shows that the
traditional route to produce portlandite consistently generates more CO, than the low-temperature route. The main source of CO,
emissions is limestone’s calcination for the traditional route, and electricity for the alternate route. In general, low temperature
portlandite features a CO5 footprint that is 40 %-80 % lower than the traditional product when electricity is sourced from natural gas
or renewable power, respectively. As such, when the source of electricity produces less CO- (i.e., the grid emissions factor, g, kgCO2/
kWh of electricity) the environmental impact of LTP decreases. Since the LTP process requires large amount of low-grade heat, beyond
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Fig. 8. The 100-year global warming potential (GWP) of traditional and LTP production assuming three different sources of electricity: (I) Coal
power, (II) Natural gas power, and (III) solar thermal power.

power generation, such heat could be sourced from industrial processes (e.g., steel production), or solar thermal or geothermal heat.
The advantage of the proposed route becomes evident from Fig. 8. For the traditional production process, even if fossil fuels were
displaced by a renewable energy source like hydrogen the CO, emissions would still be significant due to the process emissions
associated with the calcination of limestone. It is important to minimize the eCI of portlandite considering that 1 kg of Ca(OH)» can
absorb up to 0.59 kg of CO,. This, Ca(OH), produced using the LTP process and renewable energy could produce a material that
absorbs more CO5 than what is required for its production throughout its life cycle, i.e., a COy-negative material.

3.4. Geospatial distribution analysis

As a starting point, U.S. thermal power plants were categorized based on their yearly waste heat generation and their distance to the
closest slag facility. Fig. 9 shows the geospatial availability of iron and steel slags and waste heat sources. More than 50 % of the total
slag produced is in the Midwest region of the U.S. The amount of slag produced per year in the U.S. was calculated to be ~10.3 million
tons per year, in general agreement with other data sources [59]. For example, the USGS estimated that 14 million tons of slag are
produced per year in the U.S [60], suggesting that the present calculation underestimates domestic slag production. The results also
highlight the need for more updated CO; emissions accounting in the steel industry since the newest database available was from 2015
[53]. But, as a rough estimate, if 40 mass % of the slag was composed of CaO, the domestic production of Ca(OH); from slag would be
~4.1 million tons per year, indicating that the production of Ca(OH), from slag could replace at most, a quarter of the entire lime
market in the U.S. albeit while greatly reducing its carbon footprint.

Fig. 9 shows waste heat sources categorized based on the nominal capacity of the power plant (circle size) and by the distance to a
slag source (circle color). Hence, large green circles represent the best implementation sites for the technology, whereas small red
circles represent the least feasible sites. The figure indicates that there are at least 19 thermal power plants that generate between
10,000 and 50,000 GWh/y of waste heat located within 20 miles of a slag facility, and 41 thermal power plants with the same waste
heat generation capacity located within 20 and 50 miles of a slag facility. Based on this assessment, there is substantial potential for
LTP production in the Northeast, Southeast and Midwest regions of the U.S. Based on the number of slag facilities and thermal power
plant generating more than 10,000 GWh/y, the states with more potential for implementing such projects are Pennsylvania, Alabama,
Texas, Louisiana, Florida, North and South Carolina. Other states that have many slag facilities are Ohio, Illinois, and Indiana. Indi-
vidual power plants in these states generate less than 10,000 GWh/y, but collectively they provide enough waste heat to process all the
slag generated in these states. Moreover, the slag could also be treated using the waste heat generated in the steel production process
(10 GJ/t crude steel) [62]. This study indicates that there is more than sufficient waste heat to produce Ca(OH), using the LTP process
and that the limiting resource is in fact slag. This suggests that identifying alternate sources of Ca-bearing alkalinity would be an
important consideration for future studies.

4. Summary and conclusions

This study evaluates the techno-economic feasibility and the environmental impact of a novel process for the low-temperature
production of Ca(OH); using iron and steel slags, and waste heat. We analyzed the heat, mass, and energy balances for a base case
plant that implies the production 52 tonnes per day of Ca(OH)s. It is determined that the cost of production ranges between $80 and
$560 per t of Ca(OH),, with the base case scenario yielding a production cost of $271 per t of Ca(OH)y; i.e., 2-3 times higher than
current wholesale prices. The main drivers of the cost are the electricity, membrane replacement, and distributed capital costs.
Nevertheless, the sensitivity analysis showed that a competitive operating cost can be achieved by increasing the membrane lifetime
and decreasing the electricity consumption, which could be readily achieved using membranes with higher pH resistance and that
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Fig. 9. The geospatial availability of iron and steel slag (black triangles) [61] and waste heat (circles) [55,56] in the continental U.S.

operated at lower pressure. In addition, there is a need to improve the rate and extent of Ca-extraction during leaching, e.g., by using
packed bed reactors, to maximize the types of slags that can be utilized, and to minimize slag consumption without increasing the
electricity consumption. The proposed Ca(OH), production route features a CO» footprint that is 40 %-80 % lower than traditionally
(“thermally”) produced Ca(OH), when electricity is sourced from natural gas or wind power, respectively. Finally, a geospatial
analysis elucidates that, due to the proximity between feedstocks and waste heat sources, there are ~60 thermal power plants in the U.
S. with the potential to up-scale and implement this technology at an industrial-scale today.
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