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ARTICLE INFO ABSTRACT
Keywords: Hydrothermal treatment enhances biomethane (renewable energy source) production from the anaerobic
Municipal wastewater digestion of municipal sewage sludge but requires substantial energy (heat). A complete energy and economic

Sewage sludge
Anaerobic digestion
Hydrothermal treatment
Energy balance
Economic assessment

analysis for a hydrothermal-treatment-coupled anaerobic digestion system is missing. This study comprehen-
sively analyzes the energy and economic aspects of three hydrothermal-treatment-coupled anaerobic digestion
systems plus a control for municipal sludge treatment: A control (anaerobic digestion only), a pre-stage system,
an inter-stage system, and a post-stage/recycle system. The large energy consumption of hydrothermal treatment

Electricity challenges the overall energy and economic neutrality in the systems. Hydrothermal treatment is economically
Heat beneficial only if it is conducted at a low or moderate temperature (100 to 130 °C), when the raw sludge has a
Biogas high content of complex organic matter (especially particulate organic matter), and when the control has a low
Biomethane biogas yield. To reduce the energy burden of hydrothermal treatment and make the systems more economically
Carbon dioxide beneficial, this study proposes to use direct sunlight as a “free,” renewable energy source to conduct hydro-

Renewable energy thermal treatment. In addition, the energy consumption of hydrothermal treatment can be reduced by separating

the solids and liquid fractions in sludge using centrifugation and applying hydrothermal treatment to only the
solids. Recovering carbon dioxide from the biogas has significant environmental and economic benefits. Among
the alternatives, the post-stage/recycle system is more beneficial from an economic viewpoint and should be
considered in future studies. Conversely, the inter-stage system should be avoided because it is more complex to
maintain, requires a larger footprint, and has less significant economic benefits.

Nomenclature
Notations/Symbols and Units

AB Anaerobic bioreactor
AD Anaerobic digestion Notation Explanation Unit
CHP Combined heat and power
COD Chemical oxygen demand Af/c-AD Surface area of the floor or cover of ~ m?
HT Hydrothermal treatment an AB
PS Primary sludge Af.HT Floor area of an HT device m?
SRT Solids retention time Anr Total surface area of an HT device m?
TS Total solids Aw-aD Surface area of the wall of an AB m?
VS Volatile solids Cc Constant-pressure specific heat kJkg Ealrbon dioxide'K71
WAS Waste activated sludge capacity of carbon dioxide at
WRRFs Water resource recovery facilities 308.15K
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(continued) (continued)
Notation Explanation Unit Notation Explanation Unit
Ck, s, AD Specific heat capacity of the kJ-kg ;1}‘ dge.[(*1 MM, Molar mass of methane kg-mol !
digestate from AB j in the Kt system MM, Molar mass of water kg-mol !
Ck, s, AD4, in Specific heat capacity of the kJ-kg S’lh dge‘K71 MV Molar volume of an ideal gas at 35 mgas.morl
influent of AB j in the Kk system °Cand 1 atm
Cx, s, HT Specific heat capacity of the kJ-kg 513 dge‘K71 P Wholesale market price of food- $kg™!
influent and effluent of the HT grade liquid carbon dioxide in the
device in the k™ system United States
Cn Constant-pressure specific heat kJ-kg *Mlelhane.](*l P Wholesale market price of the $-kJ!
capacity of methane at 308.15 K surplus electricity generated from
Cuy Constant-pressure specific heat kJ-kg ;vlamr vawr.](*l the CHP unit
capacity of water vapor at 308.15 K Pep Ultimate consumer electricity price ~ $-kJ -1
deap Thickness of the cover of an AB cm for the industrial sector in the
dfw-aD Thickness of the floor or wall of an cm United States
AB Pps Wholesale market price of the $kJ!
dyr Thickness of the floor, wall, or cm surplus heat generated from the
cover of an HT device CHP unit
Dap Diameter of an AB m Py, Saturation pressure of water vapor Pa
Dyr Diameter of an HT device m in the biogas
ECcyoH005N Energy content of dry sludge kJ-g~! COD or Qem-AD The net radiant energy emission kJ-d!
organic matter kJ-mol ! from an AB
Ex, cup Total electricity generated by the kJ-d! Qem-HT The net radiant energy emission kJ-d~!
CHP unit in the k™ system from an HT device
Ex, cHpp/m Amount of the electricity generated kJ-d ! Qx, cup Total heat generated by the CHP kJd !
from the CHP unit in the k™ system unit in the k™ system
that is used to pump and mix sludge Qx, de-AD Overall heat demand of the AB(s)in ~ kJ-d~!
Ex, cHp-sep Amount of the electricity generated kJ-d! the k™ system
from the CHP unit in the k™ system Qk, de-HT Overall heat demand of the HT kJdt
that is used to separate carbon device in the k™ system
dioxide and biomethane in the Qx, esc-AD+ Heat loss from AB j due to the kJ-d!
biogas and to liquefy carbon escape of carbon dioxide in the
dioxide biogas in the k™ system
Ex, crp-re The rest of the electricity generated kJ-d~! Qx, esm-ADj Heat loss from AB j due to the kJ-d!
from the CHP unit in the k™ system escape of biomethane in the biogas
(after pumping and mixing sludge, in the K system
separating carbon dioxide from the Qk, evw-AD Heat loss from AB j due to the kJ-d~!
biogas, and liquefying carbon escape of water vapor in the biogas
dioxide) in the k™ system
Ex, p/m Total electricity demand for kJ-d7! Qk, ex-AD Heat recovered by a heat exchanger ~ kJ 4!
pumping and mixing sludge in the from the digestate of AB j in the K
K system system that is used to heat the
Ex, ot Overall economic aspects of the Kt $-d7! sludge
system Qk, ex-HT Heat recovered by a heat exchanger ~ kJ-d™!
Em-ap Electricity required to mix sludgein ~ kJ-d ™! from the effluent of the HT device
an AB in the k™ system
Enur Electricity required to mix sludge in kJ-d! Qx, exs-CHP Heat recovered by heat exchangers kJ-d!
an HT device from the CHP unit in the k™ system
Ep.ap Electricity required to pump sludge kJ-d! Qx, 1ij Heat released due to anaerobic kJ-d!
into an AB fermentation within AB j in the Kkt
Epur Electricity required to pump sludge ~ kJ-d~! system at 308.15 K
into an HT device Qx, r-ADj Heat required to raise the sludge kJd !
fe The percentage of the electrons % temperature to the mesophilic AD
provided by the electron donor that temperature for AB j in the k'
is used for biomass synthesis during system
AD Qk, r-HT Heat required to raise the sludge kJ-d!
fed Volumetric ratio of carbon dioxide % temperature to the target HT
in the biogas temperature in the K system
fe The percentage of the electrons % Qso-AD Heat gained from solar radiation kJd !
provided by the electron donor that through the cover and wall of an AB
is used for energy production Qso-HT Heat gained from solar radiation kJ-d!
during AD through the cover and wall of an HT
fm Volumetric ratio of biomethane in % device
the biogas QsuAD Heat loss from an AB due to the kJ-d!
fvs Mass ratio of VS to TS in municipal % temperature difference between the
sludge surface and the surroundings
F Volumetric flow rate of municipal mglu dge-d’1 Qsu-HT Heat loss from an HT device due to kJ-d~!
sewage sludge in the WRRF the temperature difference between
hg Conductive heat transfer coefficient ~ W-m 2K ! the surface and the surroundings
between still air and stainless steel R Universal gas constant kJ-mol~1.K?
hyg Conductive heat transfer coefficient ~ W-m™ 2K ! tyr Average retention time of sludgein  h
between sludge and stainless steel an HT device
Hyr Height of an HT device m T Assumed temperature of the K
Hpiap Middle height of an AB m standard state condition
Hsiap Side height of an AB m T, Ambient air temperature K
1 Annual average solar radiation kJm2d! Tap Mesophilic temperature of AD K
incident on an AB or an HT device Tur Target HT temperature K
MM, Molar mass of carbon dioxide kg-mol !

(continued on next column)
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(continued) (continued)

Notation Explanation Unit Notation Explanation Unit

Tk, s, AD4, in Temperature of the influent of ABj K AH . Standard enthalpy of formation of kJ-mol !
before the heat exchanger in the K 7(e0s0) bicarbonate ion
system AH}(NW ) Standard enthalpy of formation of kJ-mol~?

Tk, s, HT, in Temperature of the influent of the K nitrogen gas
HT device before the heat AH® Standard enthalpy of formation of kJ-mol !
exchanger in the K system f(NH;"a‘“) ammonium cation

TSk, ADy TS mass concentration of the % AH}(O_ ) Standard enthalpy of formation of kJ-mol !
digestate of AB j in the k'™ system M‘ oxygen gas

TSk, AD, in TS mass concentration of the % AH,, Heat liberated when one mole of kJ-mol &imam
influent of AB j in the Kk system biomethane is produced during

Tg Temperature of raw municipal K anaerobic fermentation
sewage sludge AH,, Enthalpy (heat) of vaporization of kJ-kg wlater vapor

Tso Ambient soil temperature K water at 308.15 K

TSr TS mass concentration of the raw % AQx Overall heat balance of the AB(s) in kJ-d!
sewage sludge the k™ system

Ucap Overall heat transfer coefficient of W-m 2K ! EAD Emissivity coefficient of the Dimensionless
the cover of an AB construction material of an AB

Urap Overall heat transfer coefficient of W-m 2K! EHT Emissivity coefficient of the Dimensionless
the floor of an AB construction material of an HT

Uyt Overall heat transfer coefficient of W-m 2K ! device
the construction material of an HT Te Electricity conversion efficiency of %
device a CHP unit

Uy-AD Overall heat transfer coefficient of W-m 2K ! nh Heat conversion efficiency of a CHP %
the wall of an AB unit

Vap Total volume of an AB m? nrs Theoretical TS destruction of an %

Ve.aD Effective working volume of an AB m® HT-coupled AD system at which its

Venur Effective working volume of an HT m® overall economic aspects are the
device same as the control

Vur Total volume of an HT device m® ap SRT of an AB d

Vi, e-AD Total effective working volume of m 3eacior A Constant used in calculating the Dimensionless
the AB(s) in the k™ system electricity consumption for

Xy Molar fraction of water vapor inthe =~ Dimensionless separating biomethane and carbon
biogas dioxide in the biogas

Yk Overall biomethane production M hane’ M l;jacm.d*1 u Energy loss in a CHP unit when %
rate of the k™ system at 35 °C and 1 cooling the biogas to remove water
atm vapor

Y, j Biomethane production rate of ABj  m3 . rn;gmor-d’l I3 Lower heating value of methane kJ-mol Kalmane
in the k™ system at 35 °C and 1 atm Pk, 5, AD Mass density of the digestate of ABj  kggjudge Mgy

Yvs VS-to-methane conversion factor molyethane-kg in the k™ system o

VSpestructed Pk, s, ADJ, in Mass density of the influent of ABj  kggjydge: Mg dge

aap Absorptivity of the construction Dimensionless in the k™ system
material of an AB Pk, s, HT Mass density of the influent and Kgudge M -3

aur Absorptivity of the construction Dimensionless effluent of the HT device in the k™ Sludge
material of an HT device system

p Overall electricity loss due to % Dss Mass density of dry sludge solids kgrs mp2
transmission and other factors Pw Mass density of the liquid portion of  kgpiquia- mj2 4
when heating an HT device or an the digestate from an AB au
AB, pur.nping. or mixing sludge, Stefan-Boltzmann constant W-m 2K
separating blomfzthane and carb})n T Electricity consumption to pump KIm g2y
dioxide in the biogas, or liquefying one cubic meter of sludge to an AB ¢
carbon dioxide or an HT device

4 Percentage of the available % @ Electricity consumption of the kJ-m ;3
electricity from the CHP unit that is membrane modules separating Biogas
used to maintain the temperature of biomethane and carbon dioxide in
the AB(s) in the k™ system the biogas at 35 °C and 1 atm

AEy Overall electricity balance of the Kb kJd! Oeh Eelectricity conversion efficiency of ~ %
system an electric heater

AHG, 1, 0,8-Comb Standard enthalpy change for the kJ-mol ™! Pex Heat recovery efficiency of a heat %
combustion of dry anaerobic exchanger
biomass Pp/m/s Electricity conversion efficiency for %

AanmH]gogN- anaferm  Standard enthalpy change for the kJ-mol~! pumping sludge, mixing sludge,
anaer‘_)bic fermentation of dry separating biomethane and carbon
organic matter dioxide in the biogas, or liquefying

AH‘CIul,thzN_Comb Standard enthalpy change for the kJ-mol~! carbon dioxide gas
combustion of dry sludge organic b Thermal conductivity of stainless W-mLK!
matter steel

AHj¢,u,0,n) Standard enthalpy of formation of ~ kJ-mol ! v Electricity consumption for kJ-kg co
dry anaerobic biomass liquifying carbon dioxide gas :

AHF ¢, 11000N) Standard enthalpy of formation of kJ-mol ™! @ Electricity consumption to mix one  kJ.m ;3 .d7!
dry sludge organic matter . . cubic meter of sludge in an AB or an eacter

AH}( CHag) Standard enthalpy of formation of kJ-mol HT device
methane gas

AH;( Ouy) Standard enthalpy of formation of kJ-mol !
carbon dioxide gas

AH: Standard enthalpy of formation of ~ kJ-mol !

f(H200))

liquid water

(continued on next column)
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1. Introduction

Water resource recovery facilities (WRRFs) produce excessive
municipal sewage sludge [1,2]. Sewage sludge is the residual solids with
a high water content separated from municipal wastewater during
sewage treatment [3,4]. Municipal sludge comprises primary sludge (PS;
generated during primary treatment), waste activated sludge (WAS;
generated during biological treatment), or their blend. Sewage sludge
harms the environment and needs to be treated before disposal or land
application [5,6]. Conversely, sewage sludge is a source of value-added
products such as biogas (e.g., biomethane), biofuels, and fertilizers [7,
8]. Anaerobic digestion (AD), involving organic matter degradation and
biomethane production, is a common means to stabilize sewage sludge,
reduce its odor, inactivate pathogens, and convert organic matter to a
renewable energy source or biomethane [9-11]. Hydrolysis, acido-
genesis, acetogenesis, and methanogenesis are the four key steps of AD
[12,13]. Hydrolysis by microbial extracellular enzymes solubilizes
insoluble or particulate organic matter, such as polysaccharides, pro-
teins, and lipids [14]. Hydrolysis also breaks down large complex sol-
uble organic molecules into smaller molecules [15]. Hydrolysis of
complex (soluble or insoluble) organic matter produces simpler organic
substances, which can be readily metabolized by wastewater microbes
[16,17]. Microbial hydrolysis of complex organic matter is slow [18,19].
Sewage sludge has complex floc structures and hard cell walls [20,21]
and more particulate organic matter such as microbial cellular constit-
uents than soluble organic substrates [22]. Therefore, hydrolysis is the
rate-controlling step for AD of sewage sludge [23,24].

Physical, chemical, and biological pre-treatment methods can
accelerate the hydrolysis of complex organic matter in municipal sludge
[21,25]. These methods disrupt cell wall and membrane; degrade
extracellular polymeric substances; and convert complex (especially
particulate) organic matter to simple, readily biodegradable substrates.
Among these methods, hydrothermal treatment (HT) is effective in
accelerating hydrolysis, increasing biogas production during AD, dew-
atering sludge, and killing pathogens [26,27]. HT is also feasible to scale
up and use in commercial applications such as the CAMBI™ process [28,
29]. HT is a general process using water as the reaction medium at high
temperature and pressure to treat, convert, transform, or valorize waste
organic matter or biomass [30,31]. In this work, HT refers to incubating
municipal sewage sludge under elevated temperature and pressure to
break down complex organic matter to facilitate the coupled AD. This
study does not consider other forms of HT aiming to directly produce
value-added products, such as hydrothermal gasification, hydrothermal
carbonization, and hydrothermal liquefaction [32-34].

HT-coupled AD has three configurations. HT is usually applied in a
pre-stage system (HT—AD) [23,27,35]. This process uses elevated
temperature and pressure to break down complex (especially particu-
late) organic matter in raw sewage sludge, while simple, readily
biodegradable organic matter undergoes the same process. However, HT
does not enhance biomethane production from readily biodegradable
organic substrates [36]. In addition, residual organic matter in the
anaerobic digestate of sludge is mainly particulate and hardly biode-
gradable. The digestate is thus an ideal feedstock of HT. After HT, the
anaerobic digestate can undergo AD for additional biomethane pro-
duction [37]. Therefore, an inter-stage system (1% AD—HT—2" AD)
and a post-stage/recycle system (AD<HT) are also possible [38,39]. In
the inter-stage system, an anaerobic bioreactor (AB; the 1%t AD) first
digests sewage sludge and converts readily biodegradable organic
matter to biogas [36,39,40]. HT then increases the biodigestibility of the
leftover, hardly biodegradable organic matter in the digestate. A sepa-
rate bioreactor (2““1 AD) digests the effluent of HT to produce additional
biomethane. In the post-stage/recycle system, an AB digests sludge, the
digestate undergoes HT, and the digestate after HT is recirculated to the
same bioreactor [41-43]. The inter-stage and post-stage/recycle systems
are more effective in enhancing biomethane production during AD than
the pre-stage system [36,39,44]. Therefore, the inter-stage and
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post-stage/recycle systems are promising for municipal sewage sludge
treatment and renewable energy production.

HT promotes the production of biomethane from municipal sewage
sludge during AD but consumes much energy because of the high spe-
cific heat of sludge (close to liquid water) [26,45,46]. Therefore, in a
meaningful HT-coupled AD system, the energy gain from enhanced
biomethane production must at least offset the energy consumption of
HT [47]. Previous studies determined the energy balance of HT-coupled
AD systems treating organic wastes [27,48-50]. However, most studies
focused on the pre-stage system [46,47,51], and only few studies
assessed the energy balance of the inter-stage and post-stage/recycle
systems [38-40,52]. A comparison of the energy and economic aspects
of these alternative processes is also missing.

Existing energy balance assessments of HT-coupled AD systems are
oversimplified. For instance, they omit certain important energy com-
ponents such as heat gain from anaerobic fermentation (the conversion
of organic matter to various products by microbes and biomass synthesis
in the absence of oxygen gas) and solar radiation [40,48,50,51]. These
energy components are important in the overall energy balance [53]. In
addition, existing assessments are primarily for batch systems [39,40,
54], whereas full-scale sewage sludge treatment is under continuous
flow conditions. However, the energy and economic aspects of contin-
uous flow, HT-coupled AD systems are rarely assessed [48,50,55]. To
date, Chen et al. [40] performed the most comprehensive energy bal-
ance assessment of HT-coupled AD systems. Nonetheless, that work
contains multiple serious mistakes and reaches misleading conclusions.

Existing energy balance assessments of HT-coupled AD systems fail
to consider the environmental and economic benefits of capturing and
valorizing carbon dioxide in the biogas [40]. Carbon dioxide is valuable
in the food and beverage industry and can be purified from the biogas
with membrane technology [56]. Capturing carbon dioxide from the
biogas reduces greenhouse gas emissions and has economic benefits
[571.

This work aims to comprehensively assess the energy and economic
aspects of three continuous flow, HT-coupled AD processes plus a con-
trol for municipal sewage treatment: a control (AD only), a pre-stage
system (HT—AD), an inter-stage system (1% AD—HT—2" AD), and a
post-stage/recycle system (AD<HT). Several critical energy elements
omitted in previous studies, such as heat liberated during anaerobic
fermentation, are analyzed in this study. In addition, this work aims to
determine the economic benefits of capturing and valorizing carbon
dioxide from the biogas in the HT-coupled AD processes. This work
hypothesizes that the large energy consumption of HT may challenge the
overall energy and economic neutrality in the HT-coupled AD systems.
However, capturing and valorizing carbon dioxide from the biogas may
offset the energy burden of HT to some extent and achieve a more
positive economic gain. Through comprehensive energy and economic
assessments, this work contributes to the field by pointing out that using
electricity or fossil fuels to conduct HT is unwise economically because
of its large energy consumption. Under many scenarios, the use of
electricity or fossil fuels to conduct HT results in energy and/or eco-
nomic loss (i.e., extra energy gained through enhanced biomethane
production cannot offset the energy consumption of HT). Therefore,
innovative means, such as centrifugation of sludge and direct solar en-
ergy, should be used to reduce the energy burden of HT. This work also
contributes to the field by proving that capturing carbon dioxide from
the biogas is economically beneficial, thus encouraging future studies to
consider recovering carbon dioxide from the AD of organic wastes.
Finally, by analyzing the net energy and economic outputs of the
alternative HT-coupled AD processes, this work indicates that the post-
stage/recycle system has more significant economic benefits than the
other systems. Therefore, the post-stage/recycle process is the preferred
choice in designing future HT-coupled AD systems for municipal sewage
sludge treatment. Conversely, the inter-stage system should be avoided
because it is more complex to maintain, requires a larger footprint, and
offers less significant economic benefits [38]. The equations for the
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energy and economic analysis in this study are valid for the HT-coupled
AD systems of not only municipal sewage sludge but also other types of
organic wastes such as agricultural waste, food waste, forestry waste,
and industrial organic byproducts. By addressing the fundamentals of
energy efficiency and economic viability in the waste-to-energy pro-
cesses (i.e., HT-coupled AD systems), this work contributes to the
development of sustainable solutions for organic waste management
across sectors and geographical regions. In summary, this work covers
the technical, energy, economic, and environmental aspects (viability
and benefits) of implementing HT to enhance the AD of municipal
sewage sludge.

2. Methods

2.1. Configurations of hydrothermal-treatment-coupled anaerobic
digestion systems

Three conceptual HT-coupled AD systems (Fig. 1B, 1C, and 1D) are
considered that treat municipal sewage sludge (PS, WAS, or the blend) in
a full-scale WRREF for organic matter degradation and biogas production.
An AD-only control (Fig. 1A) is also analyzed. In each configuration,
polyimide hollow fiber membrane modules separate biomethane and
carbon dioxide from the biogas [56]. After liquefaction, the purified
carbon dioxide can be sold to the food and beverage industry for eco-
nomic benefits.

In the control (Fig. 1A), the raw sludge first passes through heat
exchanger 1, which recovers the heat from the effluent of AB 1. The pre-
heated sludge is then digested in AB 1. Combined heat and power (CHP)
unit 1 (a cogeneration internal combustion engine) produces heat and
electricity by burning biomethane.

In the pre-stage system (HT—AD) (Fig. 1B), the raw sludge first
passes through heat exchangers A and B, which recover the heat from
the effluent of AB A and HT device A, respectively. The pre-heated
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sludge passes through HT device A and is subsequently digested in AB
A. CHP unit A produces heat and electricity by burning biomethane.

In the inter-stage system (1% AD—HT-2" AD) (Fig. 1C), the raw
sludge first passes through heat exchanger I, which captures the heat of
the digestate from AB II. The pre-heated sludge is then digested in AB L.
The digestate from AB I sequentially passes through heat exchanger II
and HT device I. Heat exchanger II captures the heat from the effluent of
HT device I, while HT device I increases the biodegradability of the
digestate. Finally, the hydrothermally treated sludge is digested in AB II.
CHP unit I produces heat and electricity by burning the biomethane
from both AB I and AB II.

In the post-stage/recycle system (AD—HT) (Fig. 1D), the raw sludge
first passes through heat exchanger i, which captures the heat of the
effluent from AB i. The pre-heated sludge is then digested in AB i. The
digestate from AB i sequentially passes through heat exchanger ii and HT
device i. Heat exchanger ii captures the heat from the effluent of HT
device i, while HT device i increases the biodegradability of the diges-
tate. The hydrothermally treated sludge is recirculated to AB i at a
recirculation ratio of 100%. CHP unit i burns biomethane for heat and
electricity production.

In each configuration, the CHP unit burns the purified biomethane
for heat and electricity, whereas a carbon dioxide recovery unit further
upgrades the purified carbon dioxide from the membrane modules to
food-grade. During the combustion of biomethane, the CHP unit pro-
duces carbon dioxide and water vapor [CHyg) + 202 = CO2(g) +
2H20(g)]. The water vapor is removed from the produced carbon dioxide
gas, which is then recirculated to the raw biogas for maximum carbon
dioxide production. The heat generated from the CHP unit is recovered
via heater exchangers. The recovered heat can compensate for the heat
consumption of the AB(s): Heat exchangers 2 and 3 heat AB 1 in the
control. Heat exchangers C and D heat AB A in the pre-stage system.
Heat exchangers III and IV heat AB I in the inter-stage system. Heat
exchangers IIl and V heat AB II in the inter-stage system. Heat

J<
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Fig. 1. (A) Control, (B) pre-stage system (HT—AD), (C) inter-stage system (1% AD—HT—2"¢ AD), and (D) post-stage/recycle system for municipal sewage sludge
treatment and biogas production. Solid line (—): sludge. Dashed line (---»): Biogas. HT: Hydrothermal treatment. AD: Anaerobic digestion. AB: Anaerobic

bioreactor. CHP: Combined heat and power. O: AB. I:l: HT device. @): Heat exchanger. A.: CHP unit. [@®}: Electricity. Fig. 1A: 1: AB 1. 2, 3, and 4: Heat

exchangers 1, 2, and 3, respectively. 5: CHP unit 1. 6: Closed-loop water recirculating system (Red curve: water at 90 °C leaving CHP unit 1 to heat AB 1; Blue curve:
water at 70 °C returning to CHP unit 1). Fig. 1B: 1: HT device A. 2: AB A. 3, 4, 5, and 6: Heat exchangers A, B, C, and D, respectively. 7: CHP unit A. 8: Closed-loop
water recirculating system (Red curve: water at 90 °C leaving CHP unit A to heat AB A; Blue curve: water at 70 °C returning to CHP unit A). Fig. 1C: 1 and 3: ABs I and
11, respectively. 2: HT device I. 4, 5, 6, 7, and 8: Heat exchangers I, IL, I11, IV, and V, respectively. 9: CHP unit I. 10: Closed-loop water recirculating system (Red curve:
water at 90 °C leaving CHP unit I to heat ABs I and II; Blue curve: water at 70 °C returning to CHP unit I). Fig. 1D: 1: AB i. 2: HT device i. 3, 4, 5, and 6: Heat
exchangers i, ii, iii, and iv, respectively. 7: CHP unit i. 8: Closed-loop water recirculating system (Red curve: water at 90 °C leaving CHP unit i to heat AB i; Blue curve:

water at 70 °C returning to CHP unit i).
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exchangers iii and iv heat AB i in the post-stage/recycle system. The
surplus heat, if any, is sold to the local or national heat networks at a
wholesale market price. The electricity generated by the CHP unit in
each system is used to pump and mix sludge, operate the membrane
modules to separate carbon dioxide and biomethane in the biogas,
liquefy carbon dioxide gas, heat the AB(s), and/or heat the HT device.
The surplus electricity, if any, is injected into the electricity grid at a
wholesale market price.

2.2. Energy and economic considerations

The sludge treatment processes need heat to raise the sludge tem-
perature for AD (the control) or AD and HT (the three HT-coupled AD
systems). The processes also require electricity to pump sludge to and
mix sludge in the ABs and the HT devices. In addition, the membrane
modules separating biomethane and carbon dioxide consume electricity.
Carbon dioxide gas liquefication also needs electricity. Each AB and HT
device lose heat to the surroundings because they are hotter than the
ambient [50,58,59]. Each AB and HT device gain heat from solar radi-
ation through the cover and the wall, whereas they emit radiant energy
(i.e., longwave radiation) to the surroundings by their whole surfaces
(cover, wall, and floor) [60,61]. In addition, anaerobic fermentation of
organic matter liberates heat [62,63]. Furthermore, biomethane, carbon
dioxide, and water vapor in the biogas escape from each AB and remove
heat [64,65].

The CHP unit in each process produces energy (heat and electricity)
when burning biomethane. The produced heat maintains the tempera-
ture of the AB(s) in each system via a closed-loop water recirculating
system where low-pressure hot water is the heating medium [66,67].
Specifically, two (for the control, the pre-stage system, and the
post-stage/recycle system) or three (for the inter-stage system) heat
exchangers recover and use the heat from the CHP unit. The first heat
exchanger is connected to the CHP unit and heats the low-pressure hot
water from 70 to 90 °C. The heat released when the low-pressure hot
water cools from 90 to 70 °C is used by the rest heat exchanger(s) to heat
the AB(s). If the heat generated from the CHP unit exceeds the heat
demand of the AB(s), the surplus heat, if any, can be sold to the local or
national heat networks [68]. Electricity generated from the CHP unit
pumps and mixes sludge, operates the membrane modules, liquefies
carbon dioxide gas, and heats the AB(s) (when the heat from the CHP
unit is insufficient) and the HT device. The surplus electricity, if any, can
be sold to the local or national electricity grid [69].

Energy recovery is promising to reduce energy demand [40,47].
Thus, heat from the effluent of each AB and each HT device is recovered
via heat exchangers when necessary. The captured heat raises the sludge
temperature so that the net heat demand of the system can be reduced.

2.3. Development of energy balance relationships and economic analysis

2.3.1. Assumptions for energy and economic assessments

To simplify the energy and economic analysis, this study makes the
following assumptions and considerations for each HT-coupled AD
system and the control.

(I) Municipal sewage sludge is well-mixed throughout the system.
Mass loss due to biogas production and water evaporation in the
AB(s) is negligible. Mass loss in the HT device is also ignored.
Thus, the volumetric flow rate of sludge (or digestate) of the
WRREF is constant throughout the system.

(II) For each sludge treatment unit (AB or HT device), the tempera-
ture is uniform (i.e., no temperature gradient inside a unit). The
biogas and the sludge in the AB(s) have the same temperature
[70]. The sludge also has the same temperature as the wall, floor,
and cover of the AB(s) or the HT device. This study ignores the
potential heat transfer inside a sludge treatment unit.
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(I11) The temperatures of ambient air (T,), ambient soil (Tj,), raw
municipal sewage sludge (T, the HT device, and the AB(s) are
constant over time. Climatology suggests that the annual average
surface air temperature of the world is 287.15 K (14.0 °C) [71].
However, the ambient air temperature is commonly assumed to
be 293.15 K (20.0 °C) for municipal sewage treatment [45,72].
This study, therefore, assumes that the ambient air temperature
Tq is 293.15 K (20.0 °C). The average annual soil temperature is
approximately 2.3 K higher than the ambient air temperature
[73]. Thus, this study uses 295.45 K (22.3 °C) as the ambient soil
temperature T, This study also assumes that the temperature of
raw municipal sewage sludge Ty is 288.15 K (15.0 °C) [74,75].

(IV) The AB(s) are operated under a steady state. Both the AB(s) and
the HT device are continuous flow stirred tank reactors. For
conventional AD, the solids retention time (SRT) is between 20
and 30 d with a typical value of 20 d [76-78]. However, for
sludge with pre-treatment such as HT, an SRT between 20 and 30
d is too long and might not be necessary [79,80]. Therefore, this
study uses 15 d as the fixed SRT (64p) for each AB.

(V) Heat transfer is under steady-state conditions for the entire sys-
tem [60].

(VI) Heat release or consumption associated with the chemical re-
actions during HT (e.g., the conversion of complex to simple
organic matter) is negligible [47].

(VII) The surface of an AB or an HT device is opaque (i.e., trans-
missivity is zero) [81,82]. Thus, when solar radiation strikes an
AB or an HT device, the sunlight is only reflected or absorbed. For
each sludge treatment unit (AB or HT device), only the cover and
the wall receive solar radiation, while the floor does not. This
study assumes that all the absorbed solar radiation is transformed
to heat. Other than the radiant energy emitted from an AB or an
HT device, radiant energy emitted from other treatment units or
compartments (such as a CHP unit and a pump) is negligible. In
addition, the energy associated with atmospheric longwave ra-
diation is negligible [60].

(VIII) Pressure for the entire system stays at 101,325 Pa (1 atm) except
for the HT device, where the inside pressure is greater than 1 atm
when the temperature of the sludge is greater than 100 °C [83,
84].

(IX) The HT device and the heat exchangers recovering heat from the
sludge do not change the total solids (TS) or volatile solids (VS)
concentration of the sludge.

(X) Biogas contains mainly biomethane and carbon dioxide and is
saturated with water vapor. Biomethane contains over 95% of
methane [85], and this work assumes that biomethane is pure
methane for convenience purposes. Other gaseous species in the
biogas, such as nitrogen gas, ammonia, and hydrogen sulfide,
have a negligible effect on energy balance [86-88]. The compo-
nents of the biogas are ideal gases.

(XI) The mass ratio of VS to TS (fys) after AD or HT might decrease
[39,89,90]. However, for convenience purposes, this study as-
sumes that fys does not change throughout the system. The fys for
municipal sewage sludge ranges from 40% to 80% [58,91-94].
This study assigns a typical value (65%) to fys.

(XII) This study assumes that the heat released from anaerobic
fermentation at 25 °C is the same as that at 35 °C.

2.3.2. Energy balance for an anaerobic bioreactor

In all systems, the ABs have the same geometry and other important
characteristics. Each AB has a cylinder-shaped body with a cone-shaped
cover and a cone-shaped floor (Fig. 2). The floor is underneath the
ground and exposed to ambient soil, whereas the wall and the cover are
exposed to ambient air. The diameter (D4p) and the side height (Hsiap)
of each AB are 30 m and 8 m, respectively. The cover or the floor has a
height of 3 m. Thus, the middle height of an AB (Hp;ap) is 14 m. The
surface area of the floor or cover (As/.ap), the surface area of the wall
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Fig. 2. Geometry of an anaerobic bioreactor. Dsp: Diameter. Hy; op: Side height.
Hpiap: Middle height. AD: Anaerobic digestion.

(Ay-ap), the total (i.e., overall) volume (V4p), and the effective working
volume (V.ap) of each AB are 720.9 m? [Equation (1)], 754.0 m?
[Equation (2)], 7,068.6 m? [Equation (3)], and 4,500.0 m? [Equation
(4)], respectively. The thicknesses of the floor (concrete) or wall (con-
crete) (ds/w-ap) and cover (fixed concrete) (dc.ap) of each AB are 30.5 and
22.9 cm, respectively [58,95]. This study assumes that the construction
material of each AB has the same emissivity coefficient as general con-
crete (e4p, 0.85) [96]. In addition, this study uses the typical absorp-
tivity (a@ap) of general concrete (0.60) as the absorptivity of the
construction material of each AB [97].

Dap (Hmi.AD - Hsi.AD>2 Djp

Afje-pp = T—i— 4+ 24D
2 2 4 @
= 720.9 m?
Aw-ap = mDpp-Hyepp = 754.0 m? )

1 1 Hpi-p — Hae
Vao = 22D Hem + gﬂ,pgD(w)

= 7,068.6 m*

3)

Ve-ap = F-0up = 4,500.0 m* 4

where F is the volumetric flow rate of sludge for the full-scale WRRF
(300 m 4 o-d ™.

Each AB requires heat (Q, r-ap., kJ-d™1) to raise the sludge tem-
perature to the mesophilic AD temperature (308.15 K or 35.0 °C)
[Equation (5)]. The AB loses heat (Qsy-ap, kJ-d’l) through the floor,
wall, and cover because of the temperature difference between the
surface and the surroundings [Equation (6)] [64]. An AB also loses heat
when biomethane (Q, esm-ap-» kJ-d™ 1) [Equation (7)], carbon dioxide
(Qx, esc-ap-j» kKJ d™ [Equation (8)], and water vapor (Qx, eyw-ap-j> kJ 4™
[Equation (9)] escape [64,65]. The saturation pressure of water vapor in
the biogas is calculated with Equation (10). The net radiant energy
(Qem-aD» kJ-d~!) emitted from an AB obeys the Stefan-Boltzmann law
[Equation (11)] [81]. The AB consumes electricity to pump sludge
(Ep-ap; kJd™hH [Equation (12)] and to mix sludge (En.ap, kJ.d
[Equation (13)] [45].

Q. r-ap-j = N-F- (Pk, 5, ap-"Ck. s, ap-"Tap

— Pr s ap~j, in*Ch. 5. 4D~ in* Tk, 5, D~ in) (5)

where the subscript k equals 1, 2, 3, or 4 (which stands for the control,
the pre-stage system, the inter-stage system, or the post-stage/recycle
system, respectively); the subscript j equals 1, A, I, II, or i (which
stands for AB 1 in the control, AB A in the pre-stage system, AB I in the
inter-stage system, AB II in the inter-stage system, or AB i in the post-
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stage/recycle system, respectively); N equals 1, 0, 1, 0, or 1 when j
equals 1, A, I, II, or i, respectively; px, 5, apj [= 0

1 - TS, Ap-f)/rliw TS, AD-f/nss]
[Equation (5A)] is the mass density of the digestate of AB j in the Kt
system (Kgsludge- ms’lﬁdge) [981; TSk, ap. is the TS concentration of the
digestate of ABj in the k' system (%, percentage of mass); p,, is the mass
density of the liquid portion of the digestate from an AB (1000 kgyiquid-
m3 i4); pss is the mass density of dry sludge solids (1400 kgrs- my)
[99]; Ck, s, apj [= 4.186 x (1 - 0.812TS, ap.) kJ-kggyaee"K '] Equation
(5B)] is the specific heat capacity of the digestate of ABj in the k™ system
[65]; 4.816 is the numerical value of the specific heat capacity of water
(4.816 kJ~kg_l-K_l) [100]; Tap is the mesophilic temperature of AD
(308.15 K 0r 35.0°C) [1011; pi, 5, anyi in [=

1 TS AD-j.m)/ﬂlw + TS, AD-j.in/ps;]
[Equation (5C)] is the mass density of the influent of AB j in the Kt
system (kgsjudge ms’lidge); TSk, apj, in is the TS concentration of the
influent of ABj in the Kt system (%, percentage of mass) [98]; Cx, s, ap,j,
in [= 4.186 x (1 - 0.812TSk, ap, in) kJ-kggugeeK '] [Equation (5D)] is
the specific heat capacity of the influent of ABj in the Kkt system; and Ty,
s, AD4, in i the temperature of the influent of AB j before the heat
exchanger in the k™ system (K) (the energy balance for the heat
exchanger is accounted separately).

qu-AD = [Uf-AD'Af/c-AD'(TAD - Tso) + Uw-AD'Aw-AD'(TAD - Ta)
+ Uecap'Apje-an'(Tap — Ta)] x 86.4skJ-J7"-d ! (6)

where Upap (0.625 W-m 2K '), Uy.ap (4.883 W-m %K), and Ucap
(3.293 W-m~2.K™1) are the overall heat transfer coefficients of the floor
of the AB in contact with 3-m-thick wet earth, the wall of the AB exposed
to ambient air, and the cover of the AB exposed to ambient air,
respectively [95]; and 86.4 s-kJ-J ~1.d7! is a unit conversion factor.

Q, esm-apj = Ve-ap Y jMMp-Cr:(Tap — To) /MV @)
where Yy, j [= (TSk, apj, in'Pk, 5, AD4, in— TSk, ADjPk, 5, AD)- Yvs:fvs-MV/6Oap]
[Equation (7A)] is the biomethane production rate of AB j in the Kt
system at 35 °C and 1 atm (m3,..- Milacrrd 1) [102], Yys is the
VS-to-methane conversion factor (27.32 111011v1ethane-kg’1 VSpestructed),
MV is the molar volume of any ideal gas at 35 °C and 1 atm (0.0253
mgasmol’l) [103], MM,, is the molar mass of methane (0.016
kg~mol_1), and Cp, is the constant-pressure specific heat capacity of
methane at 308.15 K or 35.0 °C (2.247 kJ-kgg,}ethane-Kfl) [104]. The
VS-to-methane conversion factor Yys is based on the assumptions that I)
1 kg of chemical oxygen demand (COD) destroyed under anaerobic
conditions can produce 0.395 m® of biomethane at 35.0 °C and 1 atm
and II) the VS-to-COD ratio for municipal sewage sludge is 1:1.75
[105-107].

Ve-AD' Yk]fﬁMMcCc (TAD -

Qk. esc-AD-j — f
m

T,)/MV ®

where f.4 (32%) and f;, (62%) are the volumetric ratios of carbon dioxide
and biomethane in the biogas, respectively [3,108]; MM, is the molar
mass of carbon dioxide (0.044 kg-mol’l); and C. is the constant-pressure
specific heat capacity of carbon dioxide at 308.15 K or 35.0 °C (0.854
kag Ee}rbon dioxide'K_l) [109] .

Ve-ap- Yk j*Xy-MM,
Qk. evw-AD-j — W'[(TAD - Ta)'va + AHW] (9)
m

where x, (= Py,/101,325 Pa = 0.055) is the molar fraction of water
vapor in the biogas [110], Py, (5,623 Pa) is the saturation pressure of
water vapor in the biogas [Equation (10)] [111-113], MM,, is the molar
mass of water (0.018 kg-mol™), C,, is the constant-pressure specific
heat capacity of water vapor at 308.15 K or 35.0 °C (1.866

kJ-kg e K [114], and AH,, is the enthalpy (heat) of

Water vapor
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vaporization of water at 308.15 K or 35.0 °C (2,417.9 kJ-kg yyher vapor)
[115].

10g,0(Pyy/100) = —7.90298(373.15K/Tsp — 1)
+ 5.02808l0g,,(373.15 K/Tap)

_ 13816(104344 — 11.344T4p /37315 K __ 10—7)

+ 8.1328(10’3'49149”73'15 K/Tap + 0.49149 1073)
+ log,,1013.25
(10)
Qem-ap = G'SAD‘[(T:D - Tg)‘(Af/c-AD +AW'AD) (11)

(T - T

0

)-Aje-an] X 86.45kJ-J1-d

where ¢ is the Stefan-Boltzmann constant (5.670 x 1078 W-m’2~K’4)
[82].

Ep-AD = F1 (12)

where 7 is the electricity consumption to pump one cubic meter of sludge
to an AB or an HT device (1800 kJ-m §1131dge) [45,116].

En-ap = Veapw 13)

where o is the electricity consumption to mix one cubic meter of sludge
in an AB or an HT device (300 kJ-m =3 d’l) [45,116].

Reactor

The AB gains heat (Qso.4p, kJ -d™Y) from solar radiation through the
cover and wall [Equation (14)] [82,117].

Quo-ap = Iaap (Afjc-ap + Aw-ap) (14)

where I is the annual average solar radiation incident on an AB or an HT
device (16,000 kJ-m~2d~1). The solar constant (1367 W-m 2 or
118,109 kJ-m~2.d 1) is the radiant solar energy flux received by a plane
(with a unit area and normal to the solar radiation) at the outer edge of
the atmosphere of Earth [81,118]. Considering that some solar radiation
is absorbed by the atmosphere, the cover and wall of an AB or an HT
device are not always normal to the solar radiation, and an AB or an HT
device does not receive solar radiation at night, we assign a value of 16,
000 kJ-m™%d™" to I

Anaerobic fermentation of organic matter is exothermic and releases
heat. Therefore, this part of energy should be considered in the energy
balance of HT-coupled AD systems [60,65]. This study uses C10H;1903N
with a molar mass of 201.3 g-mol ! as the empirical formula of organic
matter in municipal sewage sludge [12,119]. This study assumes that I)
Microbial cells (microbial organic matter) synthesized during anaerobic
fermentation have an empirical formula of CsH;O,N [12]; II) Seven
percent (7%) of the electrons provided by the electron donor (i.e.,
C10H1903N) are used for biomass (i.e., CsH;O2N) synthesis (f, = 0.07)
[12]; III) The remaining electrons (93%) are used for energy production
at an SRT of 15 d (f, = 0.93); and VI) Carbon dioxide is the terminal
electron acceptor, while ammonium is the nitrogen source for anaerobic
biosynthesis [3,12,58]. The overall stoichiometric equation of anaerobic
fermentation [Equation (15)] for an SRT of 15 d is based on the above
assumptions.

The standard enthalpy (heat) of combustion of the dry biomass of
bacteria with an empirical formula of CH;.660¢.41Ng.21 is —521.35 ki-
lojoules per mole of carbon (kJ .mol ! C) [120]. This study assumes that
the standard enthalpy of combustion of dry anaerobic biomass with an
empirical formula of CsH702N or CH;.400.4Ng 2 [Equation (16)] is also
—521.35 kJ-mol ! C. The standard enthalpy of formation of anaerobic
biomass (CsH7O4N) is then —361.10 kJ-mol 1 [Equation (17)].

C10H1903N + 48000H20(1)
—5.8125CHy) + 2.4875C0y4 + 0.8250HCO;<aq) (15)
+ 0.8250NH,,, + 0.1750CsH;0,N
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CsH;0,N + 5.75044) — 5COs4 + 3.5H;0)) + 0.5Ny (16)

AHg,1,0,N-Comb :3'5AHf(H20(1)) + O'SAHf(Nz( )+5AHf(coz(g))

8)

—5.750H, o, = Mo a7

= —521.35 x 5kJ-mol ™}
= —2,606.75 kJ-mol

where AHg y o,n-comp 1S the standard enthalpy change for the combus-
tion of dry anaerobic biomass CsH;O2N (—2,606.75 kJ mol™), A

H}(H ou) is the standard enthalpy of formation of HyO() (—285.80
20q)

kJ-mol™H [1 10], AH} (Nag) is the standard enthalpy of formation of Na(g)

(8)

(OkJ ~mol’1), AH}( COuy) is the standard enthalpy of formation of COxg)
2(8)

(—393.51 kJ ~mol_1), AH} ) is the standard enthalpy of formation of

(029
Oag (0 kJ-mol™), and AHZ ¢ p,0,n) 1S the standard enthalpy of forma-
tion of anaerobic biomass CsH70,N (kJ-mol™1).

Sludge organic matter C1oH;903N has a COD equivalent of 2.11 g
COD~g’1 substrate [Equation (18)]. As a result, during anaerobic
fermentation, 13.71 mmol of biomethane is produced when 1.00 g of
COD is destroyed [Equation (15)]. The energy contents of PS and WAS
samples in India are approximately 21.0 and 17.0 kJ-g~ TS or dry
weight, respectively [121]. Assuming that the TS-to-COD ratio for
sewage sludge is 1.14, the energy contents of PS and WAS samples in
India are then approximately 18.5 and 14.9 kJ-g~! COD, respectively. In
a WRRF in Germany, the energy contents of PS and WAS samples are
approximately 13.6 and 14.3 kJ.g~! COD, respectively [122]. In
municipal WRRFs in Wisconsin (U.S.A.), the energy contents of PS and
WAS samples are approximately 15.7 and 16.1 kJ-g ! COD, respectively
[123]. This study, therefore, uses 15.5 kJ -g’1 COD (the arithmetic mean
value of 18.5, 14.9,13.6, 14.3,15.7, and 16.1 kJ~g’1 COD) as the energy
content of organic matter in municipal sewage sludge. Sludge organic
matter with an empirical formula of C1pH;903N can be fully combusted
[Equation (18)]. Therefore, the standard enthalpy of formation of sludge
organic matter C1oH;9O03N is —59.87 kJ-mol ™! [Equation (19)] [124].

C10H19O3N + 13.2502(3) - 10C02(g) + 9.5H20(1) + 0.5N2(g) (18)

AHClonOsN'Comb = 9'5AH}(H2O(”) + O'SAH}(Nz( ) + 10AH}(

® GOz )
—13.258H, -y = AHjcn,00)

= —ECc,yn0,n — 2.75mol xR x T

19

where AHg i o\ comp 1 the standard enthalpy change for the com-
bustion of dry sludge organic matter C;oH;903N (kJ -mol™) [Equation
(18)1, AH}(cmeom) is the standard enthalpy of formation of sludge
organic matter C;oH9O03N (kJ -mol’l), ECc,,n,50,N is the energy content
of sludge organic matter C1oH19O3N (15.5 kJ~g’1 COD or 6,583.52
kJ-mol_l), R is the universal gas constant (8.314 x 10 3 kJ-mol LK)
[110], and T is the assumed temperature of the standard state condition
(298.15 K or 25.0 °C). The —2.75 moles are the sum of the amount
(measured in moles) of the produced gases minus the amount (measured
in moles) of oxygen gas when one mole of C;oH;9O3N is fully combusted
[124].

As a result, the standard enthalpy change of anaerobic fermentation
of sludge organic matter C;oH;903N is —724.17 kJ -mol~? [Equation
(20)], and 124.59 kJ (= 724.17 kJ + 5.8125) of heat (AH,;,) is liberated
when one mole of biomethane is produced. Taken together, anaerobic
fermentation [Equation (15)] of sludge organic matter in the HT-
coupled AD systems releases significant heat (Qg, 1, kJ .d™1) [Equation
(21)].
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AHppop-smrem = 581250, )+ 24875AH,
+0.8250AH° + 0.8250AH"
f (HCOa(aq) ) s (Nﬂiam )

+0'1750AH}(C5H702N) - AH}(ClonOsN) - 48000AH}(

where AHg 0.8 Anarerm 1S the standard enthalpy change for the
anaerobic fermentation of organic matter C;oH;903N (kJ-mol™), A

Hf (CHa)
kJ ~rnol’1) [110], AH} ( B ) is the standard enthalpy of formation of
3(aq)

is the standard enthalpy of formation of CHsyg) (—74.6

HCO3,) (—692.0 kJ-mol™") [110], and AH" (s} 5 the standard

4(aq)

enthalpy of formation of NHj(aq) (—132.50 kJ ~mol’1) [110].

Q. iy = Ve-ap Yk jAHyn/MV (21)
where Q, ;j is the heat released from anaerobic fermentation of organic
matter within AB j in the k™ system at 35 °C.

2.3.3. Energy balance for a hydrothermal treatment device

Each HT device is cylindrical (Fig. 3) with a diameter (Dgy) of 4 m
and a height (Hyr) of 1.4 m. The HT device is above ground and exposed
to ambient air. The total surface area (Ayr), floor area (Arpyr), total
volume (Vyr), and effective working volume (V,.gy7) of the HT device are
42.7 m? [Equation (22)], 12.6 m? [Equation (23)], 17.6 m3 [Equation
(24)], and 12.5 m3 [Equation (25)], respectively. The average retention
time (tyr) of sludge in the HT device is 1 h or 0.042 d [15,125]. The
thickness of the floor, wall, or cover of the HT device (dy7) is 25.4 cm.
The construction material (weathered stainless steel) of the HT device
has an emissivity coefficient eyr of 0.85 [96,126]. In addition, this study
assumes that the absorptivity (agyr) of the construction material of the
HT device is 0.60 [127]. Stainless steel has a thermal conductivity (y) of
approximately 16.0 W-m LK1 [70,128,129]. The convective heat
transfer coefficient (h,) between still air and stainless steel (natural or
free convection) is 25.3 W-m 2K ! [130]. This study assumes that the
convective heat transfer coefficient (hy) between sludge and stainless
steel (forced convection) is close to that between thin sludge and hot
water coils in anaerobic digesters, which is approximately 170.3
W-m 2K"! [95]. This study calculates the overall heat transfer coeffi-
cient (Uyr) of the construction material of the HT device (25.4-cm-think
stainless steel) to be 16.32 W-m 2K ! [Equation (26)] [131,132].

1

Agr = 2 x Zz-Dfﬁ + m-Dyr-Hyr = 42.7 m? (22)
1 2 2

Appr = —m-Dyp = 12.6m (23)

4

.
S

Q ) P Q

Fig. 3. Geometry of a hydrothermal treatment (HT) device. Hyr: Side height.
Dyr: Diameter.
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(20

H20) )
Var = %ﬂ-DfIT-HHT = 17.6m’ 24
Venr = Ftygr = 125m° (25)
L _ 1, dor 1 (26)

Tm hq X hy

The HT device requires heat (Qx, r-ur, kJ-d™ D) to raise the sludge
temperature to the target HT temperature [Equation (27)] [55,133]. The
HT device loses heat (Qu.pr, kJ-d~!) because of the temperature dif-
ference between the surface and the surroundings [Equation (28)] [58,
64]. The HT device also emits radiant energy (Qem-pr> kJ dh [Equation
(29)] [81]. In addition, the HT device requires electricity to pump sludge
(Ep-uT = Ep.AD, KJ d™ [Equation (12)] and to mix sludge (Ep,-gr, kJ dh
[Equation (30)] [45]. The HT device gains heat (Qs-ur, kJ~d’1) from
solar radiation through its cover and wall [Equation (31)] [82,117].

Qk. r-ur = F'ﬂk_x,HT'Ck. s, HT'(THT — Tk s ar, in) 27)

where pi s, gr is the mass density of the influent and effluent of the HT

device in the k™ system (Kgs1udge” ), Ck, s, ur is the specific heat

m -3

Sludge
capacity of the influent and effluent of the HT device in the k™ system
(kJ-kg ﬁidge‘K_l): Tyr is the target HT temperature (K), and Ty, s, ur, in is
the temperature of the influent of the HT device before the heat
exchanger in the Kt system (K) (the energy balance for the heat
exchanger is accounted separately). Specifically, Qz, rq7 is 0 kJ .d7! as
the control does not use HT.

Quenr = Unr-Aur-(Tur — To) x 86.4skJJ1.d™! (28
Qenerir = o-enr (T — T2)-Aur x 86.4skJJ1.d™ (29)
Enur = Venro (30)
Quo-ur = Iagr-(Anr — Apnr) 381

2.3.4. Energy balance for a combined heat and power unit

Of the total energy produced from the CHP unit in the k™ system,
10% is lost to the surroundings, 55% (heat conversion efficiency, #y) is
available as heat (Q, cup, kJ d™h [Equation (32)], and 35% (electricity
conversion efficiency, 5.) is available as electricity (Ex, cup, kJ d™
[Equation (33)] [55]. Studies used different electricity conversion effi-
ciencies for CHP units, such as 35% [133-135], 40% [136], and 42%
[44]. This study uses a typical electricity conversion efficiency of 35%.

Q. cor = YV, e-AD'f'(l - ﬂ)"?h/MV (32)

where Yy is the overall biomethane production rate of the k™ system at
35 °Cand 1 atm (M3, .- Mrderord 1), Vi, eap is the total effective
working volume of the AB(s) in the k™ system (m 3 eactor)> ¢ is the lower
heating value of methane (801.8 kJ-mol yL.ne) [58,137-1391, and
(2%) is the energy loss of the CHP unit when cooling the biogas to
remove water vapor for corrosion control [58].

Eeomp = YiVi eap&-(1 — p)n,/MV (33)
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2.3.5. Heat recovery through a heat exchanger

Energy recovery from the AB(s) and the HT device is promising in
reducing the overall energy demand of an HT-coupled AD system [40].
In each system, a heat exchanger recovers heat (Qy, ex-ap,> kJ -d™Y) from
the digestate of AB j in the k™ system to heat the sludge and compensate
for the heat requirement of the system [Equation (34)] [58,133].
Another heat exchanger in each system recovers heat (Qx, ex-ur, kJ d™h
from the effluent of the HT device [Equation (35)].

Qk. ex-AD-j — F'Pk, s, AD-j'Ck, s, AD-j'(TAD - Ta)'(ﬂex (34)
where the subscript (k, ex-AD-j) stands for the heat exchanger recovering
heat from the digestate of ABj in the kth system. The heat exchangers are
heat exchanger 1 for AB 1 in the control, heat exchanger A for AB A in
the pre-stage system, heat exchanger I for AB II in the inter-stage system,
and heat exchanger i for AB i in the post-stage/recycle system. Specif-
ically, Q3, ex-ap-ris 0 kJ .d~! as no heat exchanger recovers heat from the
digestate of AB I in the inter-stage system. The symbol ¢, (70%) is the
heat recovery efficiency of a heat exchanger. Studies used different ef-
ficiencies for a heat exchanger, such as 50% [58,59], 80% [140], 85%
[40,116], and 87% [141]. This study uses 70% as the heat recovery
efficiency of a general heat exchanger.

Qi -t = Fpi s yrCr s, ur(Tur — Tap) @y (35)
where the subscript (k, ex-HT) is equal to (1, ex-HT), (2, ex-HT), (3, ex-
HT), or (4, ex-HT), standing for a non-existing heat exchanger in the
control, heat exchanger B in the pre-stage system recovering heat from
the effluent of HT device A, heat exchanger II in the inter-stage system
recovering heat from the effluent of HT device I, and heat exchanger ii in
the post-stage/recycle system recovering heat from the effluent of HT
device i, respectively. In particular, Q;, ex-prris 0 kJ .d~! since the control
does not have an HT device.

Heat exchangers recover heat (Qx, exs-crp kJ-dH [Equation (36)]
released from burning biomethane in the CHP unit in each system. The
recovered heat can be used to heat the AB(s). These heat exchangers are
heat exchangers 2 and 3 in the control; heat exchangers C and D in the
pre-stage system; heat exchangers IIL, IV, and V in the inter-stage system;
and heat exchangers iii and iv in the post-stage/recycle system. Even
though the inter-stage system has three heat exchangers recovering heat
from the CHP unit, the overall heat recovery efficiency is still 2, [110].

Q. exs-cip = Qx, crp- 2, (36)
2.3.6. Energy balance and economic analysis for the entire systems

To analyze the energy balance of each system, this work calculates
the overall heat demand of the AB(s) (Qx, de-ap, kJ .d™)) and the HT de-
vice (Qx, de-rT> KJ -d™1). In each system, heat released from the CHP unit
supports the heat demand of the AB(s) via heat exchangers. When the
heat generated from the CHP unit is greater than the heat demand of the
AB(s) or heat is not required to support the AB(s), the surplus heat from
the CHP unit can be sold to the local or national heat networks at a
wholesale market price (Pp) of $2.758 x 107% kJ~L. The wholesale
price of the surplus heat is based on the expected 2023 natural gas spot
price at the national benchmark Henry Hub in Louisiana (U.S.A.) of
$2.91 MMBtu ! [142]. The price is close to the volumetric weighted
mean index price for natural gas of $3.01 MMBtu * for 2017 in the
United States [143].

A portion of the electricity generated from the CHP unit is used to
pump and mix sludge (Ex, cup.p/m, kJ dh [Equation (37)]. Another
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portion of the generated electricity is used to separate carbon dioxide
and biomethane in the biogas and to liquefy the purified carbon dioxide
gas (Ex, cHp-seps kJ dh [Equation (38)]. The rest of the generated elec-
tricity (Ex, cup-re = Ex, cap — Ek, crp-p/m — Ek, cip-sep» kJ-d ') heats the HT
device via an electric heater. The rest of the electricity (Ex, crp.re) also
heats the AB(s) via an electric heater only if the heat from the CHP unit is
insufficient to maintain the temperature of the AB(s). If the electricity
generated by the CHP unit is greater than the energy demand of the
entire system, the surplus electricity is injected into the electricity grid at
a wholesale market price (P.) of $2.754 x 107° kJ L. The wholesale
price of the surplus electricity is based on the volumetric weighted mean
index price for electricity of $99.159 MWh ™! for 2022 in the United
States [143]. In addition, this study assumes that the electricity con-
version efficiency of an electric heater (g.) is 80% [141,144].
Furthermore, this work assumes that the electricity conversion effi-
ciency (¢p/m/s) for pumping sludge, mixing sludge, separating bio-
methane and carbon dioxide in the biogas, or liquefying carbon dioxide
gas is 70% [145-147].

Ek, p/m

—_— 37
(1 - ﬂ)’(/)p/m/x 37)

Ex, cup-pm =

where Ex, p/m (kJ -d™Y) is the total electricity demand for pumping and
mixing sludge in the k'™ system; and  (10%) is the overall electricity loss
due to transmission and other factors when heating an AB or an HT
device, pumping or mixing sludge, separating biomethane and carbon
dioxide in the biogas, or liquefying the purified carbon dioxide using the
electricity generated from the CHP unit [148-150].

Vi e-ap- Yi e MMy / mv

(1 - ﬂ)'(/’p/m/s

E Vi eap Yiedp-d
k, CHP-sep — (1 — ﬂ)’(ﬂp/m/s

(38)

-3
Biogas

) of the
membrane modules separating biomethane and carbon dioxide in the
biogas at 35 °Cand 1 atm [56,151]; A (2.5) is a constant considering that
I) The biomethane-rich gas from the first membrane module needs to be
purified again in a second membrane module, II) The
carbon-dioxide-rich gas from the first membrane module needs to be
purified again in a third membrane module, III) Gases rejected by the
second and third membrane modules need to be recirculated to the raw
biogas, and IV) Extra electricity is needed to remove water vapor from
the purified carbon dioxide gas and biomethane; and y is the electricity

where ¢ is the electricity consumption (957.33 kJ-m

consumption for liquifying carbon dioxide gas (363.89 kJ-kg Eéz)
[152-155].

The overall heat balance (AQy, kJ .d™ 1 of the AB(s) in the Kt system
can be negative, zero, or positive [Equation (39)]. The electricity
generated from the CHP unit (Ex, cpp) of the kth system is first used to
pump and mix sludge, separate biomethane and carbon dioxide in the
biogas, and liquefy carbon dioxide gas. The rest of the electricity (Ex, crp-
re) is available for maintaining the temperature of the AB(s). The overall
electricity balance (AEy, kJ .d™1 of the Kt system can be negative, zero,
or positive [Equation (40)]. To compute AQx and AFEy, this work con-
siders six scenarios:

Scenario I: The overall heat demand of the AB(s) in the Kt system is
negative (Qx, de-ap < 0). Equation (39A) applies.

Scenario II: The overall heat demand of the AB(s) in the Kt system is
zero or positive (Q, ge-ap > 0), but the net heat (Qy, exs-crp) generated
from the CHP unit can at least offset the overall heat demand (zero or
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positive) of the AB(s) (Qx, exs-crp — Qx, de-ap > 0). Equation (39B) applies.

Scenario III: The overall heat demand of the AB(s) in the K system
is negative (Q, ge-ap < 0). Or, the net heat (Qx, exs-cHp) generated from
the CHP unit can at least offset the positive (or zero) heat demand of the
AB(s) in the k™ system (Qx, exs-cep — Qk, de-ap > 0). Or, the net heat (Qx exs-
chp) generated from the CHP unit cannot offset the positive heat demand
of the AB(s) in the k™ system (Qx, exs-cup — Qk, de-ap < 0); and the elec-
tricity generated by the CHP unit cannot more than offset the electricity
demand of pumping and mixing sludge, separating carbon dioxide and
biomethane in the biogas, and liquefying carbon dioxide gas (Ex, crp-re <
0). Equation (40A) applies.

Scenario IV: The net heat (Qx, exs-crp) generated from the CHP unit
cannot offset the positive overall heat demand of the AB(s) in the Kkt
system (Qx, exs-cap — Qk, de-ap < 0), but the net electricity [Ex, cpp.re:(1 —
P)-@en, positive] plus the net heat (Q, exs-cup) generated from the CHP
unit can at least offset the positive heat demand of the AB(s) [Qx, exs-cHp —
Qx, de-ap + Ex, crpre:(1 = B)-@en > 0]. Equations (39C) and (40B) apply.

Scenario V: The net electricity [Ex, cup-re:(1 — f)-@en, positive] plus
the net heat (Qx, exs-cup) generated from the CHP unit cannot offset the
positive overall heat demand of the AB(s) in the Kt system [Qx, exs-crp —
Qx, de-ap + Ex, crpre'(1 — p)-@en < 0]. Equations (39D) and (40C) apply.

Scenario VI: The net heat (Qx, exs-crp) generated from the CHP unit
cannot offset the positive overall heat demand of the AB(s) in the k™
system (Qx, exs-cup — Qk, de-ap < 0). At the same time, the electricity
generated by the CHP unit cannot more than offset the electricity de-
mand for pumping and mixing sludge, separating carbon dioxide and
biomethane in the biogas, and liquefying the purified carbon dioxide gas
(Ex, crp-re < 0). Equation (39E) applies.

The net heat (Qx, exs-crp) generated from the CHP unit in each system
is always positive. Scenarios I, II, IV, V, and VI are mutually exclusive
and are for the heat balance. Scenarios III, IV, and V are for the elec-
tricity balance. Scenario III is a combination of Scenarios I, II, and VI.
The notation Qx, exs-crp — Qk, de-ap > O in Equation (40A) denotes the
combination of Scenarios I and II.

AQx = Qe > 0
if Qk de-ap < 0 39A

Qk, de-AD _ Qk exs-CHP — Qk de-AD
Vi Vi
Qt, de-ap > 0 and Qi g-ap > 0 39B

>0

AQx = Qxcmp —

if Qk exs-CHP —

AQk = Qx exs-cip — Q. de-ap + Ex cup-re'(1 — B)@p:d = 0
if QJ( exs-CHP —

and Qk exs-CHP —

Qk de-ap < 0 (39)
Qk, de-AD + Ek‘ CHP-re'(1 - /})'[/)eh > 0 39C

AQr = Qx exscir — Q. deap + Ex cup-rer(1 — f)py < 0
if Qk, exs-cip — Qi de-ap + Bk cup-rer(1 — B)-@p < O
and Ex cpp-re > 0 39D

AQx = Qx exs-cip — Qi deap < O
if Qu, exs-cap — Qk, de-ap < 0 and Ex cap-re < 0 39E

where 6 (%) is the percentage of the rest of the electricity from the CHP
unit (Ex, cup.re) that is used to maintain the temperature of the AB(s) in
the k™ system. Under Scenarios L, II, and VI (collectively, Scenarios III), §
is 0%. Under Scenario IV, § is between 0% and 100%. Under Scenario V,
6 is 100%.
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Qk‘ de-HT
(1 - ﬁ)'¢eh
if Qk, exs-cup — Qk, de-ap > 0 Or

(Qk exs=CHP — Qk de-AD < 0 and Ek. CHP-re < 0) 40A

AEx = Ex cup-re —

Qk. de-HT
(1 - ﬂ)'(peh
if Q¢ exs-cup — Qk, de-ap < 0 and
Qk, exs-CHP — Qk de-ap + Ek‘ CHP-re'(1 - /j)'(ﬂgh > 0 40B

AEy = Ex cup-rer(1 — 6) —
(40)

AEk _ 7Qk. de-HT < 0
(1 - ﬂ)'¢eh

if Qk ex-cip — Qk, de-ap + Eik ctp-re’(1 — B)@py < O
and Ex cpp-re > 0 40C

The overall economic aspects (Ex, o, $-d 1) of the k™ system are
based on the heat and electricity balance of the system [Equation (41)].
For any system, a situation does not exist where the overall heat balance
of the AB(s) is negative (AQx < 0) while the overall electricity balance of
the system is positive (AEx > 0).

Ek, tot — AEk'Pe-s + AQk'Ph-s
fcd
+ W, e.AD-Yk-f—-MMC Py / MV
m

if AQc > Oand AEx > 041A

Ex wor = AEg-Pep + AQ Py
+ Vi, e-AD'Yk'.'%:'MMc'PC-S/MV 1)
if AQ; > Oand AE, < 0 41B
AQx
———— P,
(1 - ﬂ)’(/}eh P

+ Vi e.AD~Yk-'%-MMC ~PC.S/MV
m

Ek, tot — AEk'Pe—p +

if AQe < Oand AEx < 041C

where P, is the ultimate consumer electricity price for the industrial
sector in the United States ($2.242 x 107> kJ ’1; the arithmetic mean
value for the first eight months in 2023) [156] and P, is the stable
wholesale market price of food-grade liquid carbon dioxide ($0.380
kg’l) in the United States [157,158].

3. Results and discussion

3.1. Energy balance of the anaerobic bioreactor(s) and hydrothermal
treatment device in each hydrothermal-treatment-coupled anaerobic
digestion system

The AB(s) and the HT device in each system are the major units that
require energy input. For the AB(s), the electricity demand (to pump and
mix sludge) is much less than the heat demand (Fig. 4). The heat demand
for the AB(s) is to raise the sludge temperature and to compensate for the
heat loss from the escaped biogas, the heat loss due to the temperature
difference between the surface of the AB(s) and the surroundings, and
the net radiant energy emission. In most cases, the overall heat demand
of the AB(s) is negative [Scenario I, Equation (39A), and Table 1], is zero
or positive but can be at least offset by the net heat (Qx, exs-crp) generated
by the CHP unit [Scenario II, Equation (39B), and Table 1], or is positive
but can be at least offset by the positive net electricity [Ex crp-re-(1 —
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Fig. 4. A snapshot of the energy components of the HT-coupled AD systems and the control treating municipal sewage sludge: (A) Control (AD only), (B) pre-stage
system (HT—AD), (C) inter-stage system ast AD—HT—2" AD), and (D) post-stage/recycle system (AD-HT). For all systems, the volumetric flow rate of municipal
sewage sludge is 300 m3~d’1, the total solids (TS) concentration in the raw sludge is 6% (percent of mass), and the overall TS removal is 68%. In the inter-stage
system, the TS destruction for the first and second ABs is 20% and 60%, respectively. In the pre-stage system, inter-stage system, and post-stage/recycle system,
the HT temperature is 160 °C. AB: Anaerobic bioreactor. AD: Anaerobic digestion. HT: Hydrothermal treatment. CHP: Combined heat and power. The subscript k
equals 1, 2, 3, or 4, which stands for the control, pre-stage system, inter-stage system, or post-stage/recycle system, respectively. Qy .s: Heat loss due to the escape of
biogas (biomethane, carbon dioxide, and water vapor) from the AB(s) in the k™ system. Qx, su-ap: Heat loss from the surface of the AB(s) due to the temperature
difference between the surface and the surroundings in the Kt system. Qx, em-ap: The net radiant energy emitted from the surface of the AB(s) in the K system. Qg .
ap: Heat demand to raise the sludge temperature to the temperature of AD (35 °C) in the Kt system. Qi ex-ap: Heat recovered from the AB(s) through a heat exchanger
in the k™ system. Qx, ex.p7: Heat recovered from the HT device through a heat exchanger in the Kt system. Qx, ex-cap + nr): Heat recovered from the AB(s) and the HT
device through heat exchangers in the Kt system. Qy, so-ap: Heat gained from solar radiation through the AB(s) in the Kt system. Qy, ;;: Heat released during anaerobic
fermentation of organic matter in the AB(s) in the k' system. Ey, p.ap: Electricity demand for pumping sludge into the AB(s) in the k™ system. Ex, m-ap: Electricity
demand for mixing sludge in the AB(s) in the k™ system. Qx, em-ur: The net radiant energy emitted from the surface of the HT device in the k™ system. Qx, su-ur: Heat
loss from the surface of the HT device due to the temperature difference between the surface and the surroundings in the k' system. Qx, r-ur: Heat demand to raise the
sludge temperature to the HT temperature in the k™ system. Qx, so-ur: Heat gained from solar radiation through the HT device in the k™ system. Ey, p.ur: Electricity
demand for pumping sludge into the HT device in the k™ system. Ej, m-ur: Electricity demand for mixing sludge in the HT device in the k™M system. Ey sep: Electricity
demand for I) separating carbon dioxide and biomethane in the biogas and II) liquefying the purified carbon dioxide gas in the k™ system. Qx, cup: Heat generated
from the CHP unit in the k™ system. Ey, cup: Electricity generated from the CHP unit in the k' system. Symbols/notations used in only Fig. 4 are not listed in the
Nomenclature section at the begining of this article.

)-@en] plus the net heat (Qy, exs-crp) generated by the CHP unit [Scenario re) generated by the CHP unit is zero or negative [Scenario VI, Equation
IV, Equation (39C), and Table 1]. For Scenario IV, the net heat (Qx, exs- (39E), and Table 11.

cyp) alone cannot offset the positive overall heat demand of the AB(s) Compared with the AB(s), the HT device in an HT-coupled AD system
(Qx, exs-crp — Qk, de-ap < 0). In addition, heat absorbed by the AB(s) from consumes much more energy to raise the sludge temperature to the HT
solar radiation and liberated by anaerobic fermentation is considerable temperature (Fig. 4). By contrast, the heat loss from the surface of the HT
and can compensate for the heat demand of the AB(s) (Fig. 4). device (due to net radiant energy emission and the temperature differ-
Furthermore, a heat exchanger can recover heat from the digestate of ence between the surface and the surroundings) is much smaller because
the AB(s). Therefore, in most cases, each system does not require of the smaller surface area of the HT device. Heat exchangers can
external energy for the heat demand of the AB(s). However, under recover heat from the digestate of an HT device and an AB to compen-
certain circumstances (i.e., when the TS content in the raw sludge is low sate for the heat demand of the HT-coupled AD systems. Solar radiation
and/or when the TS removal is low), the positive overall heat demand of also heats the HT device. However, because the HT device is small, the
the AB(s) is so large that it cannot be offset by the net electricity [Ex, cup- heat gained from solar radiation is minimal. Overall, the significant

re'(1 = )-@en, positive] plus the net heat (Q, exs-cup) generated by the energy demand of the HT device is difficult to satisfy, and external en-
CHP unit [Scenario V, Equation (39D), and Table 1]. When the TS ergy input might be required.

content in the raw sludge and the TS removal are both too low, the net Because of the large energy consumption of the HT device, an HT-
heat (Qx, exs-crp) generated by the CHP unit cannot offset the positive coupled AD system can easily have a lower net energy output than the
overall heat demand of the AB(s), and the rest of the electricity (Ex, crp- control. Interestingly, a recent study found that the net energy output of

12
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Table 1
Extent of total solids (TS) removal for various energy balance scenarios for the three HT-coupled AD processes and the control.
System TS in raw sludge (%) Range of TS removal (%) that satisfies:
Scenario I Scenario II Scenario III Scenario IV Scenario V Scenario VI
Control (AD only) 2 N/A [64, 90] [20, 26] [64, 90] [57, 63] [27, 56] [20, 26]
4 N/A [32, 90] [32, 90] [28, 31] [20, 27] N/A
6 [74, 90] [21, 73] [21, 90] 20 N/A N/A
8 [55, 90] [20, 54] [20, 90] N/A N/A N/A
10 [43, 90] [20, 42] [20, 90] N/A N/A N/A
Pre-stage system (HT—AD) 2 [66, 90] [24, 65] [20, 90] N/A N/A [20, 23]
4 [33, 90] [20, 32] [20, 90] N/A N/A N/A
6 [22, 90] [20, 21] [20, 90] N/A N/A N/A
8 [20, 90] N/A [20, 90] N/A N/A N/A
10 [20, 90] N/A [20, 90] N/A N/A N/A
Inter-stage system as AD—HT—2" AD) 2 N/A [82, 92] [36, 59] [82, 92] [78, 82] [60, 78] [36, 59]
4 N/A [42, 92] [42, 92] [40, 42] [36, 39] N/A
6 [78, 92] [36, 78] [36, 92] N/A N/A N/A
8 [60, 92] [36, 591 [36, 92] N/A N/A N/A
10 [49, 92] [36, 48] [36, 92] N/A N/A N/A
Post-stage/recycle system (AD-HT) 2 N/A [64, 90] [20, 41] [64, 90] [60, 63] [42, 59] [20, 41]
4 N/A [32,90] 20 [32, 90] [30, 31] [21, 29] 20
6 [74, 90] [21, 73] [21, 90] 20 N/A N/A
8 [55, 90] [20, 54] [20, 90] N/A N/A N/A
10 [43, 90] [20, 42] [20, 90] N/A N/A N/A

The ranges of the extent of TS removal are not a function of HT temperature. Separating carbon dioxide from the biogas and liquifying the purified carbon dioxide gas
are considered. For the control, the per-stage system, and the post-stage/recycle system, the range of TS removal is 20% to 90%. For the inter-stage system, the TS
removal of the first AB is 20%, the TS removal of the second AB ranges from 20% to 90%, and the overall TS removal thus ranges from 36% to 92%. For the inter-stage
system, the overall TS removal is reported. Scenario I: The overall heat demand of the AB(s) in the K system is negative (Qx, ge-ap < 0). Scenario II: The overall heat
demand of the AB(s) in the k™" system is zero or positive (Qx, de-ap > 0), but the net heat generated from the CHP unit can at least offset the heat demand (Qx, exs-crp — Qx,
de-ap > 0). Scenario III: The overall heat demand of the AB(s) in the Kt system is negative (Q, ge-ap < 0). Or, the net heat generated from the CHP unit can at least offset
the positive (or zero) heat demand of the AB(s) in the k™ system (Qx, exs.czp — Qk, de-ap > 0). Or, the net heat generated from the CHP unit cannot offset the positive
overall heat demand of the AB(s) in the k™ system (Qx, exs-cap — Qk, de-ap < 0); and the electricity generated by the CHP unit cannot more than offset the electricity
demand of pumping sludge, mixing sludge, separating carbon dioxide and biomethane in the biogas, and liquefying carbon dioxide gas (Ex, cup.r < 0). Scenario IV:
The net heat generated from the CHP unit cannot offset the positive overall heat demand of the AB(s) in the Kt system (Qx, exs-cep — Qk, de-ap < 0), but the net electricity
plus the net heat generated from the CHP unit can at least offset the overall heat demand of the AB(S) [Qx, exs-crp — Qx, de-ap + Ex, crp-re:(1 — f)-@en > 0]. Scenario V: The
net electricity (positive) plus the net heat generated from the CHP unit cannot offset the positive overall heat demand of the AB(s) in the k™ system [Qx, exs-crp — Qk, de-
ap + Ex, capre:(1 = f)-@en < 0]. At the same time, the electricity generated by the CHP unit can more than offset the electricity demand of pumping sludge, mixing
sludge, separating carbon dioxide and biomethane in the biogas, and liquefying carbon dioxide gas in the k™ system (Ex, crpre > 0). Scenario VI: The net heat
generated from the CHP unit cannot offset the positive overall heat demand of the AB(s) in the k™ system (Qx, exs-cap — Qk, de-ap < 0). In the meanwhile, the electricity
generated by the CHP unit cannot more than offset the electricity demand of pumping sludge, mixing sludge, separating carbon dioxide and biomethane in the biogas,
and liquefying carbon dioxide gas (Ex, cup-re < 0). AB: Anaerobic bioreactor. AD: Anaerobic digestion. HT: Hydrothermal treatment. CHP: Combined heat and power.
Qk, de-ap: The overall heat demand of the AB(s) in the k™ system. Qx, exs-cup: The net heat generated from the CHP unit in the k™ system, which is always positive. Ey,
chp-re: The electricity generated by the CHP unit in the k™ system minus the electricity demand of pumping sludge, mixing sludge, separating carbon dioxide and
biomethane in the biogas, and liquefying carbon dioxide gas. #: The overall electricity loss due to transmission and other factors when heating an HT device or an AB,
pumping or mixing sludge, separating carbon dioxide and biomethane in the biogas, or liquefying carbon dioxide gas. @.pn: The electricity conversion efficiency of an
electric heater. N/A: Not applicable.

an HT-coupled AD system can be significantly greater than that of the benefits as the recovered carbon dioxide can be sold to the food and
control [40]. The different conclusion from the previous study is because beverage industry [56]. For all the HT-coupled AD systems, the eco-
it made wrong assumptions (such as unreasonably high heat recovery nomic benefits of recovering carbon dioxide are significant (Fig. 5). In
efficiency). addition, the higher the TS concentration in the raw municipal sludge,
the higher the economic benefit of recovering carbon dioxide would be.
3.2. Environmental and economic benefits of recovering carbon dioxide For instance, in the pre-stage system, at a TS removal of 60%, the eco-
from the biogas nomic benefit of recovering carbon dioxide is $313-d ! (compared with
no recovering) when the raw sludge has a TS concentration of 2%
Carbon dioxide is a major greenhouse gas and causes harmful climate (percent of mass) (Fig. 5B). When the TS concentration in the raw sludge
change (e.g., global warming) [159,160]. Currently, carbon dioxide increases to 10% (percent of mass), the economic benefit of recovering
generated from the AD process in WRRFs is directly released into the carbon dioxide rises to $1617-d"" for the pre-stage system with a TS
atmosphere. Thus, the AD process causes significant greenhouse gas removal of 60%. Altogether, recovering carbon dioxide from the biogas
emissions [119]. Therefore, this work proposes to recover carbon di- can greatly reduce greenhouse gas emissions, which is in line with the
oxide from the biogas, upgrade it to food-grade, and use it in the food goal of decarbonizing the industrial sector in the U.S., as described in
and beverage industry to reduce the greenhouse gas emissions from President Biden’s Investing in America agenda [161].
WRRFs. Even though carbon dioxide used in the food and beverage in-
dustry is eventually released into the atmosphere, recovering carbon 3.3. Comparing the economic aspects of the alternative hydrothermal-
dioxide from the biogas can reduce the reliance of the industrial carbon treatment-coupled anaerobic digestion processes for sludge treatment
dioxide supply on traditional sources such as fossil fuel combustion,
ammonia production, and gasification of solid fuels [56]. As a result, On the basis of comprehensive energy balance and economic as-
recovering carbon dioxide from the biogas has significant environmental sessments, this work compares the economic aspects of three HT-
benefits. coupled AD systems: Pre-stage system, inter-stage system, and post-
Recovering carbon dioxide from the biogas also has economic stage/recycle system. At the same TS removal, all three configurations
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Fig. 5. The economic benefits of the different HT-coupled AD systems and the control treating municipal sewage sludge as a function of the overall total solids (TS)
removal: (A) Control (AD only), (B) pre-stage system (HT—AD), (C) inter-stage system as AD—HT—2" AD), and (D) post-stage/recycle system (AD<HT). For each
system, the volumetric flow rate of municipal sewage sludge is 300 m®.d™!, and two scenarios are considered (i.e., with and without carbon dioxide capture). In the
inter-stage system, the TS destruction for the first AB is 20%. For the pre-stage system, inter-stage system, and post-stage/recycle system, the HT temperature is 160
°C. AB: Anaerobic bioreactor. AD: Anaerobic digestion. HT: Hydrothermal treatment. The percentages in the legends: TS concentrations in the raw sludge (per-

centages of mass).

have much less economic benefits than the control (Fig. 6), indicating
that HT demands much energy even with heat recovery (Fig. 4). At the
same TS removal, the post-stage/recycle system has a higher economic
benefit than the inter-stage system, which, in turn, has a higher eco-
nomic benefit than the pre-stage system. Therefore, the post-stage/
recycle process is the best option for an HT-coupled AD system.
Conversely, the inter-stage system should be avoided because it is more
complex to maintain, requires a larger footprint, and offers less signifi-
cant economic benefits [38]. However, the difference in the economic
benefits of the three alternative systems is not significant, especially for
the inter-stage and post-stage/recycle systems. Considering that the
pre-stage system has the simplest configuration and is easy to maintain,
it can also be the right choice for municipal sludge treatment and
resource recovery [52].

3.4. Increase in total solids destruction to offset the energy burden of
hydrothermal treatment

HT can enhance the production of biomethane during AD of
municipal sewage sludge and other organic wastes [11,105]. However,
HT is highly energy demanding [43,45,54] because of the large specific
heat capacity of municipal sewage sludge and the high HT temperature
applied (usually over 100 °C). The increase in the energy (economic)
gain due to the enhanced biogas production after HT should at least
offset the energy burden of HT so that incorporating HT in the process is
meaningful.

For an HT-coupled AD process, a TS destruction (is) exists at which
the energy burden of HT can be offset by the enhanced biogas produc-
tion. This study calculates #7g for the three HT-couple AD processes in
four cases: The control (AD only) has a TS destruction of 20% (Case 1),
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40% (Case II), 60% (Case III), and 80% (Case IV). In each case, the TS
concentration of the raw sewage sludge (TSg; percentage of mass) varies
from 2% to 10%, whereas the HT temperature (Tyy) varies from 373.15
K (100 °C) to 473.15 K (200 °C). For each combination of TS and Tyt in
each case, this study calculates the overall economic aspects of the four
HT-coupled AD systems [Equation (41)] with different TS destruction
until the overall economic aspects of the four systems are equal (i.e., Ej,
tot = E2, tot = E3, tor = E4, top)- At such TS destruction (y7s, %), the energy
burden of HT in an HT-coupled AD system is offset by the increased
biogas production (Fig. 7). If an HT-coupled AD system has a TS
destruction greater than #rs, the system has a higher economic gain than
the control. If an HT-coupled AD process has a TS destruction below #rs,
the process has a lower economic gain than the control.

In each case, the values of 7s increase (semi-)linearly with the HT
temperature Tyr (Fig. 7) with a large slope, indicating that Tyt is the key
factor affecting the energy balance and economic aspects of an HT-
coupled AD process. When Tyt is 403.15 K (130 °C) or less, reaching
nrs can be practical. However, at higher HT temperatures, the 5ys is
usually so large that reaching #rs is impossible. For instance, when the
control has a TS destruction of 40% and Ty is 433.15 K (160 °C), the 515
for the pre-stage system with a TSg of 6% (percent of mass) is 95.70%
(Fig. 7B). Experimental assessments indicate that an HT-coupled AD
system cannot reach such high TS destruction [38,40,48].

The TS concentration in the raw municipal sewage sludge (TSg) also
affects the energy balance and economic aspects of the sludge treatment
systems (Fig. 7). The higher TSg is, the lower 57g is. For instance, when
TSg is 4% (percent of mass), the TS destruction is 40% for the control,
and Hyr is 393.15 K (120 °Q), s is 89.02% for the post-stage/recycle
system, significantly higher than that (y1s = 72.90%) when TSg is 6%
(percent of mass) (Fig. 7B).
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(AD-HT) treating municipal sewage sludge at HT temperatures of (A) 100 °C, (B) 140 °C, (C) 160 °C, and (D) 200 °C. The control does not have an HT device. For
each system, the volumetric flow rate of municipal sewage sludge is 300 m3~d’1, the concentration of total solids (TS) in the raw sludge is 6% (percent of mass), and
carbon dioxide capture is considered. In the inter-stage system, the TS destruction for the first AB is 20%. AB: Anaerobic bioreactor. AD: Anaerobic digestion. HT:

Hydrothermal treatment.

In addition, the TS destruction of the control determines whether
incorporating HT into an AD-based sludge treatment process is
economically beneficial. When the control has a low TS destruction (i.e.,
the sludge has a high content of complex, especially particulate, organic
matter that is hardly biodegradable), applying HT is more beneficial
(Fig. 7). By contrast, if the control has a high TS destruction, reaching ;s
is difficult or even impractical. For instance, when the TS concentration
in the raw sludge is 6% (percent of mass) and Hyr is 393.15 K (120 °C),
nts for the inter-stage system is 52.74% or 95.58% when the control has
a TS destruction of 20% or 60%, respectively (Fig. 7A and Fig. 7C).
Removing 52.74% of TS in a well-maintained inter-stage system is
practical, but a TS destruction of 95.58% is impossible.

The alternative system configurations have distinct energy and
economic aspects. With the same TS concentration in the raw sludge, the
same TS destruction of the control, and the same Hyr, 575 for the three
HT-coupled AD systems is generally in the order of the post-stage/
recycle system < the inter-stage system < the pre-stage system
(Fig. 7). For comparison, at the same TS removal, the overall economic
benefits of the three systems are in the order of the post-stage/recycle
system > the inter-stage system > the pre-stage system (Fig. 6). A
recent study similarly found that when the recovered energy is used to
heat only the AB(s) with surplus heat wasted, the inter-stage system has
a higher overall heat output than the pre-stage system [40]. Therefore,
the post-stage/recycle system is more economically beneficial.

In summary, the best strategy to apply HT in an AD-based sludge
treatment process is using the post-stage/recycle configuration when the
raw sludge has a high TS concentration and Hyr is low or moderate (i.e.,
<130 °C). In addition, applying HT is meaningful when the control has a
low biogas production (i.e., the raw sludge has a high content of com-
plex, especially particulate, organic matter that is hardly biodegrad-
able). However, when the control has a high TS destruction and/or when
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the HT temperature is high, the increment in biogas production due to
HT cannot offset the energy burden of HT. Overall, the large energy
consumption of HT challenges the overall energy and economic
neutrality in the HT-coupled AD systems for municipal sewage sludge
treatment. Incorporating HT in an AD-based sludge treatment process is
economically beneficial only under certain conditions.

3.5. Potential strategies to increase the energy and economic output of
hydrothermal-treatment-coupled anaerobic digestion systems

Applying HT in AD-based sludge treatment systems to enhance
biogas production is a common practice [15,40]. However, under many
conditions, the use of HT is not economically beneficial because the
energy consumption of HT is huge and cannot be easily offset by the
increased biogas production. HT provides multiple advantages to a
sludge treatment system such as enhanced pathogen inactivation,
increased sludge filterability and dewaterability, promoted recovery of
value-added resources, and more pronounced organic matter and solids
removal [58,162,163]. Therefore, future studies should reduce the en-
ergy burden of HT to increase the energy and economic output of
HT-coupled AD systems.

This work proposes three strategies to increase the energy and eco-
nomic output of an HT-coupled AD system. First, centrifuging sludge can
reduce its water content and thus reduce the energy demand of HT if
only the concentrated sludge is hydrothermally treated. The specific
heat capacity of municipal sludge is high (approximately 4.1
kJ -kg’l-Kfl, close to liquid water) [164]. Thus, HT consumes significant
energy. However, in municipal sewage sludge, most of the complex,
hardly biodegradable organic matter is in the solids, whereas the liquid
fraction has a lower concentration of total and hardly biodegradable
organic matter than the solids [38]. In the liquid fraction, the relative
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Fig. 7. Minimum total solids (TS) destruction (5s, %) during anaerobic digestion (AD) of municipal sewage sludge offsetting the energy burden of hydrothermal
treatment (HT) when the control has TS destruction of (A) 20%, (B) 40%, (C) 60%, or (D) 80%. The values in the legends indicate the TS concentrations of raw
municipal sewage sludge (TSg; percentage of mass). In the inter-stage system, the first anaerobic bioreactor has a TS removal of 20%. Control: AD only. Pre-stage
system: HT—AD. Inter-stage system: 1% AD—HT—2"¢ AD. Post-stage/recycle system: AD—HT.

content of readily biodegradable organic matter is high [3,165]. In
addition, municipal sewage sludge commonly has a low solids content (i.
e., a low TS concentration or a low solids fraction). Therefore, when the
raw sludge is hydrothermally treated as a whole, the liquid fraction
consumes and wastes most of the heat. This study proposes a strategy to
reduce the energy demand of HT: The solids and liquid fractions of the
raw sludge should be first separated via centrifugation or other means
[45]. Afterward, only the solids fraction is hydrothermally treated.
Then, the untreated liquid fraction and the treated solids fraction are
combined and used as the feedstock of AD. Since the solids concentra-
tion of municipal sludge is usually less than 10% (percent of mass), this
strategy can save approximately 80% of the energy demand of HT given
that centrifuging sludge consumes a modest amount of energy (144
kJ -kg_1 TS or even lower) [166-168]. A recent study proved that with
sludge dewatering before AD and HT, an HT-coupled AD system can be
promising in energy generation [40].

Second, this work proposes to apply HT to only PS or WAS, mix the
hydrothermally treated sludge and the untreated sludge, and digest the
blend anaerobically. Municipal WRRFs produce both PS and WAS with
production volumes in the same range [169]. Therefore, this strategy
can save approximately 50% of the energy demand of HT. However,
organic matter in PS is easier to biodegrade during AD than in WAS
because of the complex floc structure of WAS [170,171]. Thus, applying
HT to only the WAS would be more beneficial [40].

The amount of energy required to raise the sludge temperature to the
HT temperature accounts for a significant portion of the total energy
demand of an HT-coupled AD system (Fig. 4). Therefore, both strategies
(i.e., centrifuging sludge and applying HT to only WAS) can substan-
tially increase the energy and economic output of HT-coupled AD
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systems.

Third, achieving #nrs in a conventional HT-coupled AD system is
challenging because the HT device requires significant energy from
electricity or fossil fuels to raise the sludge temperature. Because elec-
tricity and fossil fuels are not free and have significant environmental
burdens, an HT-coupled AD system is less beneficial and less attractive.
However, electricity or fossil fuels are not the only energy sources for an
HT device. If direct sunlight as a “free,” renewable energy source can be
used to conduct HT, HT will become an attractive method to promote
the performance of AD. With a modern solar-energy-conversion device,
such as a solar evacuated tube collector, raising the temperature of
sludge to the HT temperature of up to 200 °C is feasible with direct
sunlight [172-174]. This strategy can eliminate the energy reliance on
electricity or fossil fuels to raise the sludge temperature to the HT
temperature and thus increase the energy and economic output of
HT-coupled AD systems for municipal sewage sludge treatment.

3.6. Limitations and sources of error

This work comprehensively analyzes the energy and economic as-
pects of different HT-coupled AD processes for municipal sewage sludge
treatment. Various energy and economic components are considered,
and the alternative HT-coupled AD processes are compared. However,
this work has four major limitations that should be addressed in future
studies. First, the assumptions do not fully reflect the complexity of the
HT-coupled AD systems in the real world. This study makes multiple
assumptions to simplify the energy and economic analysis. Thus, the
analysis might not fully reflect the complex nature of the HT-coupled AD
processes. For instance, this study assumes a uniform temperature for
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each sludge treatment unit such as an AB. However, in the real world,
temperature gradients always exist in each unit. In addition, this study
assumes that the temperatures of ambient air, ambient soil, raw
municipal sewage sludge, each HT device, and each AB are constant over
time. However, their temperatures change over time in the real world.
Furthermore, this study assumes that an AB and the heat transfer any-
where in any system are both under a steady state, while in the real
world, a steady-steady condition rarely exists. This work also ignores the
impacts of the organic matter composition (i.e., proportions of different
types of organic compounds) of municipal sewage sludge on the per-
formance of the HT-coupled AD systems. Therefore, the analysis does
not fully reflect the energy and economic aspects of the HT-coupled AD
systems in the real world. Future studies should consider more realistic
conditions (e.g., the existence of temperature gradients in the treatment
units, the dynamic temperatures of sludge and sludge treatment units
over time, varying SRTs, and non-steady-state heat transfer conditions)
to better reflect the complex nature of the HT-coupled AD systems.

Second, this work does not include many critical environmental
considerations related to the HT-coupled AD processes. When con-
ducting the energy and economic analysis, this work considers only the
energy balance, the capture and valorization of carbon dioxide, and the
economic aspects of the HT-coupled AD systems. Many critical envi-
ronmental considerations of the processes are not covered, such as the
inactivation of pathogens, antimicrobial resistance genes, and antimi-
crobial resistant bacteria; the transformation, mobility, and recovery of
nutrients; the production of value-added products (e.g., biofuels and
precursors of functional materials); the evolution of the speciation and
the changes of the toxicity of heavy metals; and the safe disposal or land
application of the residual sludge. Future studies should include more
critical environmental considerations when analyzing the energy and
economic aspects of the HT-coupled AD systems.

Third, this work is based solely on technology and economy, thus
lacking regulatory and policy considerations. When analyzing the en-
ergy and economic aspects of the HT-coupled AD systems, this work
considers only the energy, technological, and economic aspects. How-
ever, the energy and economic aspects of the sludge treatment systems
in the real world are heavily affected by laws, regulations, subsidies, and
policies related to environmental protection and sustainability, renew-
able energy, greenhouse gas emission control, public health, and waste
management. Therefore, future work should incorporate regulatory and
policy considerations into the energy and economic assessments of the
HT-coupled AD systems.

Fourth, this work lacks a comprehensive sensitivity analysis for the
key parameters that affect the energy and economic aspects of the HT-
coupled AD systems. For instance, this study assumes that the elec-
tricity conversion efficiency for a CHP unit is fixed at 35%. In addition,
this work uses the recent wholesale market prices of the surplus heat and
electricity in the economic analysis. Because of the lack of a compre-
hensive sensitivity analysis, it is unclear how the overall energy and
economic aspects of the sludge treatment systems would change when
the electricity conversion efficiency changes or when the wholesale
prices of heat and electricity fluctuate. Sensitivity analysis provides in-
sights into the robustness of the assessments and should be included in
future studies.

In addition to the limitations, this work contains sources of error. The
multiple assumptions to simplify the energy balance and economic
analysis are the major sources of error. For instance, this work assumes
that the heat recovery efficiency of all heat exchangers is fixed at 70%.
However, in the real world, the heat recovery efficiency of a heat
exchanger is likely below or above 70%, and different heat exchangers
in the same system likely have different efficiencies. Thus, this
assumption introduces errors into the analysis results. In addition, this
study assumes that each AB and the heat transfer anywhere in any
system are both at a steady state. However, in real sludge treatment
systems, ABs and heat transfer are likely at non-steady-state conditions.
The difference between the steady-state conditions (assumed in the
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analysis in this study) and non-steady-state conditions (existing in real
sludge treatment systems) also introduces errors into the results. To
minimize the errors, future work should make more realistic assump-
tions, perform dynamic analysis for non-steady-state conditions, incor-
porate sensitivity and uncertainty analysis, and validate the theoretical
analysis results with experimental data.

4. Conclusions

This study for the first time comprehensively analyzes the energy and
economic aspects of three HT-coupled AD processes, each incorporating
carbon dioxide capture and valorization, for municipal sewage sludge
treatment: A pre-stage system (HT—AD), an inter-stage system (1%
AD—HT—2™ AD), and a post-stage system (AD<HT). Because of the
large energy burden of HT, conducting HT to enhance the performance
of AD is meaningful only when the HT temperature is low or moderate
(< 130 °C), the raw sludge has a high organic matter content, and the
control (AD only) has a low biogas production (i.e., the raw sludge has a
high content of complex, especially particulate, organic matter). By
contrast, under many conditions, the increase in biogas production
during AD due to HT cannot offset the large energy demand of HT,
especially when the control has a high TS destruction and/or when the
raw sludge has a low organic matter content. This work proposes three
strategies to increase the energy and economic output of an HT-coupled
AD system: I) Separating the solids and liquid fractions in the raw sludge
through centrifugation and applying HT to only the solids fraction, II)
Applying HT to only WAS and digesting the blend of hydrothermally
treated WAS and untreated PS, and III) Using direct solar energy as a
“free,” renewable energy source to conduct HT. Future municipal
sewage sludge treatment systems should consider evaluating and
implementing the proposed strategies to be more sustainable and to
achieve greater energy and economic benefits. Recovering carbon di-
oxide from the biogas has significant environmental and economic
benefits, which should be explored in future experimental and modeling
work to better solve real-life problems. Among the three HT-coupled AD
systems, the post-stage/recycle system is more beneficial from an eco-
nomic viewpoint and should be implemented in future HT-coupled AD
systems. Conversely, the inter-stage system should be avoided because it
is more complex to maintain, requires a larger footprint, and has less
significant economic benefits. The major limitations and sources of error
of this work are: I) Its assumptions do not fully reflect the complexity of
sludge treatment systems in the real world; II) It does not include many
critical environmental considerations; III) It is based solely on technol-
ogy, energy, and economics, thus lacking regulatory and policy con-
siderations; and IV) A comprehensive sensitivity analysis is not
conducted. To address these limitations and sources of error, future
work should consider more realistic (e.g., dynamic) conditions; include
more environmental, regulatory, and policy considerations; perform
sensitivity analysis; and validate the theoretical analysis results with
experimental data.
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