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A B S T R A C T   

Hydrothermal carbonization (HTC) can mitigate the disposal costs of sewage sludge in a wastewater treatment 
plant. This study analyzes the impact of integrating HTC with anaerobic digestion (AD) and combustion from a 
combined energy and economic performance perspective. Net energy balance and investment opportunity are 
investigated for a number of technical scenarios considering i) different combinations of the technologies: AD +
HTC, AD + thermal dryer + combustion, and AD + HTC + combustion, ii) different options for HTC process 
water treatment: wet oxidation (WO) + AD, and direct return to AD, and iii) different products: heat-only, heat 
and electricity, hydrochar, and phosphorus. 

The results show trade-offs between investment cost, self-supplement of heat, and output electricity when WO 
is used. In AD + HTC, net heat output decreases compared to the reference plant, but avoided disposal costs and 
hydrochar revenue result in profitable investment when the process water is directly returned to the AD. 
Although HTC has a lower heat demand than the thermal dryer, replacing the thermal dryer with HTC is only 
possible when AD, HTC, and combustion are connected, or when WO covers HTC’s heat demand. HTC may 
impair the electricity production because of the necessity for a high-temperature heat source, whereas the 
thermal dryer can utilize a low-temperature heat source. In conclusion, energy advantages of HTC in AD + HTC 
+ combustion are insufficient to provide a promising investment opportunity due to high investment costs of 
HTC. The investment opportunity improves by co-combustion of hydrochar and external sludge.   

1. Introduction 

In sustainable sewage sludge management, pollution prevention, 
resource recovery, and cost efficiency must be simultaneously 
addressed. High phosphorus (P) concentration and centralized access 
through wastewater treatment plants (WWTPs) make sewage sludge a 
promising alternative to limited and unevenly distributed phosphate 
rock as fertilizer feedstock (Jupp et al., 2021). However, while sewage 
sludge contains useful resources, it is legally classified as a waste and 
often perceived as a burden to the holder (Oladejo et al., 2019). Thermal 
treatment technologies are being introduced as promising solutions in 
sewage sludge management, to recover valuable resources without 
spreading contaminants (Gao et al., 2020). However, energy-intensive 
drying is required before sewage sludge can undergo thermochemical 
conversion (Czerwińska et al., 2022; Mayer et al., 2021). The high 
moisture content of sewage sludge causes a low heating value that im-
pedes auto-thermal combustion, decreases the energy density of pro-
duced bio-oil in pyrolysis, stimulates tar generation in gasification, and 

has the potential to produce erosive sulphuric compounds (Oladejo 
et al., 2019). 

Hydrothermal carbonization (HTC) allows the direct conversion of 
wet sewage sludge to a char slurry through treatment at high tempera-
ture (180–250 ◦C) and pressure (10–50 bar) (Escala et al., 2013; Gerner 
et al., 2021). HTC reduces the volume, improves sludge dewaterability, 
and densifies the energy content (Merzari et al., 2020; Zhao et al., 2014). 
Dewatering of the HTC slurry can provide hydrochar with up to 70 % 
solid content (Merzari et al., 2019) and leave behind process water (PW) 
containing easily-biodegradable organic matter (Aragón-Briceño et al., 
2021; Marin-Batista et al., 2020). It has been reported that implement-
ing HTC, followed by solid-water separation, reduces 61 % of heat and 
65 % of the electricity demand of dewatering, compared to thermal 
drying (Wang et al., 2019a). 

From a nutrient recovery perspective, Marin-Batista et al. (2020) 
showed that organic P in digested sewage sludge changes to inorganic P 
during HTC, which gives the chance to recover the majority of the P 
content from the hydrochar through acid leaching followed by 
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precipitation (by adding CaO). Further, HTC in combination with 
anaerobic digestion (AD) of the PW has been shown to increase the 
biogas production. Hämäläinen et al. not only demonstrated an increase 
in biogas production (182–206 mL-CH4/g-COD (chemical oxygen de-
mand)) through PW treatment by AD, but they also showed that the 
heavy metal (HM) levels of the hydrochar were below the limits for 
fertilizer, with no detectable pharmaceutical components remaining 
(Hämäläinen et al., 2021). Aragón-Briceño et al.(2021) investigated the 
addition of HTC and AD to an existing WWTP for different treatment 
scenarios of primary sludge, secondary sludge, and mixed sludge. They 
showed that in addition to reaching total solids and COD reduction of up 
to 68 and 66 %, respectively, 0.02–0.06 kg struvite per tonne of sludge 
treated can be produced. Further, the inclusion of produced hydrochar 
enhances the overall energy recovery of WWTP by up to ten times when 
compared with biogas production only (Aragón-Briceño et al., 2021). 
Similar conclusions were drawn by Marin-Batista et al. (2020), who 
demonstrated a total potential energy recovery of 95 % when producing 
hydrochar from sewage sludge and biogas from the PW. Since HTC 
shows a high potential for surmounting one of the important challenges 
of sewage sludge treatment, i.e., reducing moisture content (Aragón- 
Briceño et al., 2021; Czerwińska et al., 2022), the evaluation of intro-
ducing HTC in existing wastewater treatment and combustion plants is 
imperative. 

Sewage sludge treatment and disposal costs in a WWTP account for 
50 % of operational costs (Rulkens, 2008). Wastewater and sewage 
sludge management projects are non-profitable without external finan-
cial support (Medina-Martos et al., 2020). Improving energy recovery 
should thus be a priority for sewage sludge treatments as it stimulates 
the energy self-sufficiency in WWTPs (Gu et al., 2017). Following this, 
this paper investigates the potential to improve the energy and P re-
covery of existing integrated sewage sludge treatment facilities, through 
introduction of HTC. 

The economic feasibility of integrated systems incorporating HTC, 
versus improvement in energy and P recovery, has previously been 
highlighted by only a few studies in a relatively limited way. As 
mentioned above, Aragón-Briceño et al. (2021) evaluated the economic 
benefits of HTC based on potential revenues of heat, power, hydrochar, 
and struvite in an integrated system, without, however, considering the 
impact of investment cost. Medina-Martos et al. (2020) focused only on 
the integration of AD and HTC, which is able to improve the energy 
recovery by 14 % compared to benchmark AD for sewage sludge, while 
the investment cost increases by 37 %. Zhao et al. (2014) also reported a 
positive economic perspective for replacing a thermal dryer with HTC in 
a combustion process, with the objective to reduce external energy re-
sources for the thermal dryer. 

To the best of the authors’ knowledge, no attempt has yet been made 
to conduct a techno-economic analysis of the entire treatment system for 
sewage sludge, including HTC integrated with AD and combustion, from 
treatment to end products and disposal, while accounting for all asso-
ciated integration costs. Therefore, this paper investigates the economic 
feasibility of adding HTC in existing WWTPs with two different sludge 
treatment processes as follows:  

(1) When sludge in the WWTP is treated only by AD and dewatering 
and the plant needs to pay for the sludge disposal, adding HTC 
turns sludge into hydrochar that can be sold to a potential market 
as a final product.  

(2) When WWTP includes an existing combustion process situated at 
the WWTP plant site, adding HTC as pre-treatment before the 
combustion process becomes an alternative for a thermal dryer. 

Integration of WWTPs and combustion plants provides a great op-
portunity to develop an energy-self-sustained sewage sludge treatment 
system, while the integration often suffers from site-related conditions, 
such as size and distance. Conversely, combustion plants require 
expensive infrastructure that is more economically feasible on a large 

scale. This paper addresses the mentioned opportunities and challenges. 
The overall aim is to analyze the effects on the entire sewage sludge 

treatment, from additional biogas production, PW treatment, P recov-
ery, disposal cost, and combustion plant performance. Two research 
questions are formulated:  

1. Is introducing HTC to an existing sewage sludge treatment system 
technically and economically feasible?  

2. Can adding HTC to a WWTP improve the energy performance of the 
entire sewage sludge treatment and enable P recovery? 

The research questions are addressed by developing a techno- 
economic analysis of a number of technology scenarios. As it is impor-
tant to provide evidence that an integrated treatment system enables 
sustainable sewage sludge management concerning resource recovery at 
a low cost, the results offer comparisons of the net energy balance and 
economic performance of HTC as part of a comprehensive sewage sludge 
treatment strategy. 

2. Methods and input data 

This paper evaluates the energy and P recovery as well as economic 
viability of introducing HTC into sewage sludge treatment systems, 
compared to the corresponding reference scenario without HTC, under 
two sets of technical scenarios: 

S1. HTC is added to an existing WWTP with AD. Without HTC, the 
sewage sludge undergoes AD, after which is mechanically dewatered 
and transported to an external centralized waste processing plant. When 
HTC is added to the WWTP, the sludge is converted to hydrochar and 
can be sold in a potential market, thereby avoiding disposal costs in the 
form of transportation and gate fee to the centralized waste processing 
plant. In this scenario, HTC investment costs are thus evaluated in 
relation to saved disposal costs and revenues for new streams, with the 
WWTP with AD as reference. 

S2. HTC is added to an existing integrated WWTP that includes both 
AD and combustion for either heat-only production, or combined heat 
and power (CHP). Here, the existing thermal belt dryer, the pre- 
treatment of combustion, is assumed to need replacement. Therefore, 
investment in HTC is here compared to investment in a new thermal 
dryer. Replacing the thermal dryer with HTC in the S2 scenarios reduces 
the total inlet fuel volume to the boiler compared to in the reference 
system. The boiler thus works with free capacity, which is economically 
unfavorable. This could provide an opportunity for the plant to receive 
external sludge (ES) from other WWTPs and obtain a gate fee, while 
simultaneously producing more heat and electricity. 

Mass and energy balance analysis is performed for each scenario 
(shown in detail in Fig. 1). The balances are also used as the basis for the 
economic evaluation. The following sections provide detailed informa-
tion on the investigated technologies and scenarios (sections 2.1 and 
2.2), the process modeling (section 2.3), and the economic evaluation 
(section 2.4). 

2.1. Technology scenarios 

2.1.1. HTC technologies 
In HTC, the majority of the carbon (more than 60 %) ends up in the 

solid phase as hydrochar, with less than 40 % moved into the liquid- 
phase and about 2–5 % lost in the gas-phase (Wang et al., 2019a). 
Many studies have considered integrating AD and HTC to improve the 
biodegradability of organic matter (Aragón-Briceño et al., 2017, 2021; 
Hämäläinen et al., 2021; Marin-Batista et al., 2020; Medina-Martos 
et al., 2020; Wirth et al., 2015) and, thereby, the biogas production, 
by recirculating PW into AD (Medina-Martos et al., 2020; Merzari et al., 
2019). Feedstock, process configuration and conditions affect the biogas 
production when HTC and AD are integrated. Aragón-Briceño et al., 
(2017) showed that one step thermal pre-treatment (120–170 ◦C for 
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30–60 min ) can improve the biogas production in AD by 22–43 %, with 
a methane content increase of 40–70 %, while Qiao et al. (2011) re-
ported a methane yield improvement of 65.8 % when PW from HTC 
(170 ◦C at 1 h) was recirculated into the AD. Similarly, Ferrentino et al. 
(2020) demonstrated that recirculating PW and hydrochar into the AD 
along with primary and secondary sludge doubled the biomethane yield. 

PW can also be treated by wet oxidation (WO) (Shen, 2020) which 
can reduce the chemical oxygen demand (COD) of PW by 50–70 % (Silva 
Thomsen et al., 2022; Weiner et al., 2018). Organic matters in WO are 
oxidized by air or O2 to CO2 and water at a high temperature 

(100–320 ◦C) and pressure (0.5–20 MPa), and the process can be energy 
self-sustained (Riedel et al., 2015). The HTC and WO are compatible to 
be combined due to the similar operation conditions (Riedel et al., 
2015). We here include both AD and WO in the studied technology 
scenarios. Given that AD is commonly used in WWTPs in Europe, adding 
HTC to a WWTP excludes additional investment for PW treatment in 
many existing plants as they are already equipped with AD. On the other 
hand, the heat released from WO can provide energy for the HTC, thus 
replacing the demand for external fuel. 

Two different HTC commercialized technologies are considered in 

Fig. 1. Schematic of technical sce-
narios, where HTC is added to an 
existing WWTP facility scenario. “S1” 
and “S2” represent set 1 and set 2 of 
scenarios. “R” indicates reference sce-
narios without HTC. Scenarios utiliz-
ing the HTC-C-Green and HTC- 
TerraNova technologies, are respec-
tively indicated by “-1” and “-2” at S1 
and “-1-“ and “-2-“ at S2. In the second 
set of scenarios, the dashed CHP after 
boiler indicates two forms of steam 
utilization; i) combined heat and 
electricity production, or ii) heat-only, 
respectively. Dashed lines indicate 
optional flows. (For interpretation of 
the references to colour in this figure 
legend, the reader is referred to the 
web version of this article.)   
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this paper. The technology selection is based on commercial data 
availability, in order to be able to capture the performance of HTC of 
sewage sludge in commercial scales, and to include both WO and AD as 
PW treatment options. OxyPower HTC (here labeled “HTC-C-Green”) is 
a compact design of combined HTC and WO process developed by C- 
Green in which the required energy for the HTC is supplied by WO of the 
PW at 230 ◦C and 32 bar (C-Green, 2022). TerraNova®ultra (here 
labeled “HTC-TerraNova”) is an HTC process developed by the Terra-
Nova energy group. The reactor is operated at 180–200 ◦C and 20–35 
bar (Rebling et al., 2020; TerraNova Energy, 2022; TerraNova Energy 
GmbH, 2022). Both technologies recover heat from products through 
flash tanks. 

Temperature, reaction time, heating rate, and catalyst affect the 
hydrochar yield and fate of C, nutrients, and HMs during the reaction 
(Wang et al., 2019a). Higher temperature promotes conversion level, 
enhances carbon and energy content in hydrochar, and improves dew-
aterability, while high temperatures cause high organic content in the 
PW, which is unfavorable (Wang et al., 2019a). Significantly higher 
heating value of the produced hydrochar has been reported with shorter 
reaction time (30–60 min) (Wang et al., 2019a). The majority of the C 
(greater than60 %) and P (as Al, Ca, and Fe salts) are retained in the 
hydrochar under normal conditions (temperatures around 200 ◦C) 
(Escala et al., 2013; Ovsyannikova et al., 2019; Wang et al., 2019a), 
while 40–70 % of N, 10–15 % P, and 50–70 % of K transfer into the PW 

(Wang et al., 2019b). Both technologies included in this paper employ 
common HTC conditions, which can determine that P in both technol-
ogies mainly remains in the hydrochar. Therefore, the opportunity for P 
recovery, using extraction and precipitation, is similar for both tech-
nologies and mainly depends on market demand or legislation. 

TerraNova is based in Germany where P recovery from sewage 
sludge is mandatory (Mayer et al., 2021), so P recovery via acid leaching 
of the slurry stream downstream the HTC process is part of TerraNova’s 
technology (Rebling et al., 2020; TerraNova Energy GmbH, 2022). 
Conversely, in the HTC-C-Green process, the P mainly remains in the 
hydrochar without being recovered. More detailed process descriptions 
of the HTC processes can be found in the Supplementary material (Ap-
pendix A). 

Besides the two studied technologies, several pilot and industrial- 
scale HTC concepts and plants, such as Suncoal, Ingelia, Carborem, 
and HTC-Cycle, have been developed. While a detailed comparison of 
these technologies is beyond the scope of this paper, it highlights the 
potential of various HTC approaches and the possibility of co-processing 
sewage sludge with other waste streams as alternative solutions in the 
future of sewage sludge management. 

2.1.2. Technical feasibility versus size 
There are trade-offs between scale, transportation, technical inte-

gration capability, resource recovery, and cost. For WWTPs with sludge 

Table 1 
Detailed scenario description and process conditions.  

Name of scenario Description 

S1R The dewatered sludge (25 % DS) is hauled by trucks to a centralized waste processing plant within the travel distance of 100 km, as suggested by (Mayer et al., 
2021; Seiple et al., 2017). Therefore, the WWTP pays a gate fee to the waste processing plant that receives the sludge. Biogas produced via AD is utilized in a 
CHP process to cover the AD’s energy demand; with excess heat and electricity assumed to be sold at market prices. Sludge characteristics is taken from data 
provided by C-Green. 

S2R Same as S1R except the sludge characteristics, which are here provided by TerraNova. 
S1-1 After AD, the dewatered sludge (25 % DS) enters the HTC-C-Green reactor. In this process, the reactor’s design allows light (assumed 100 % liquid phase) and 

heavy (slurry) phases to leave the reactor separately. The light phase enters the WO process at 230 ◦C and 32 bar, where the organic matter in the PW turns to 
CO2 and water through oxidation by O2. The released heat from the oxidation is used for the HTC reactor. Hot and pressurized PW after the WO, and slurry 
after the HTC, enter flash tanks to produce steam to pre-heat the feedstock. More heat is recovered by mixing a share of the PW after the flash tanks with 
incoming sludge. The slurry is dewatered by a filter press up to 62 % DS, and the hydrochar is assumed to be directly sellable, without further treatment ( 
Medina-Martos et al., 2020). PW leaving the process is returned to the AD as it contains easily degradable organic matter that improves the biogas production. 
P mainly remains in the hydrochar and this scenario does not include P recovery. 

S1-2 After AD, the dewatered sludge (25 % DS) enters the HTC-TerraNova reactor operated at 200 ◦C and 20 bar. The slurry output of the HTC enters flash tanks to 
recover heat for the HTC process, and the hydrochar is separated from the PW through a filter press. The PW is returned to the AD for further treatment, and 
the semi-dried hydrochar with 65 % DS is assumed to be directly sellable (Medina-Martos et al., 2020). Adding acid to the slurry after the HTC reactor causes P 
to leach into the liquid phase (PW). By adding Calcium-Silicate-Hydrate granulates (CSH) to the filtrate of the filter press, the dissolved P adsorbs at the CSH 
granulates. P-components are recovered by 80  % in the form of hydroxyapatite and struvite, which are assumed to be directly sellable as a substitute for P 
rock. 

S2R-1-CHP After AD, the dewatered sludge (25 % DS) enters a thermal dryer to increase the heating value to above 4.5 MJ/kg (about 45 % DS), to ensure auto-thermal 
combustion conditions in the boiler. Produced heat and electricity from the AD-CHP as well as from the steam boiler-CHP are used to cover the heat and 
electricity demands of AD, thermal dryer, and flue gas cleaning system, and the rest is assumed to be sold at market prices. It is assumed the ash is transported 
100 km to a landfill and the WWTP plant pays for the disposal. 

S2R-2-CHP Same as S2R-1-CHP except the sludge characteristics, which are here provided by TerraNova 
S2R-1-heat-only Same as S2R-1-CHP except that the steam produced in the boiler is here used to produce only heat. 
S2R-2-heat-only Same as S2R-1-heat-only except the sludge characteristics, which are here provided by TerraNova 
S2-1-CHP The thermal dryer is replaced with HTC-C-Green (see S1-1 for conditions). The produced hydrochar (62 % DS) replaces the dried sewage sludge as fuel for the 

boiler. The heat demand of HTC-C-Green is supplied by WO, and produced heat and electricity are used to meet the internal demand of the studied integrated 
system, with the surplus assumed to be sold at market prices. It is assumed the ash is transported 100 km to a landfill and the WWTP plant pays for the disposal. 

S2-1-CHP (incl.ES) As total ingoing fuel to the boiler in S2-1-CHP is less than the reference case (S2R-1-CHP), the plant can accept external sludge (ES) with 25 % DS from, e.g., a 
neighboring city and mix this with hydrocar until the mixture has a heating value ≥ 4.5 MJ/kg (about 45 % DS), to ensure auto-thermal combustion 
conditions in the boiler. As hydrochar has up to 65 % DS and the received wet sludge 25 % DS, a mixture of the two would enter the boiler at 45 % DS when the 
mass flow of fuel is equal to boiler inlet fuel in the reference case. The mixed fuel enters the steam boiler instead of hydrochar. The plant receives a gate fee to 
handle the ES. The overall process is otherwise the same as S2-1-CHP. 

S2-1-heat-only Same as S2-1-CHP except that the steam produced in the boiler is here used to produce only heat. 
S2-1-heat-only (incl. 

ES) 
Same as S2-1-heat-only except that the plant receives ES and mixes it with hydrochar before entering the boiler, as described for S2-1-CHP (incl. ES) 

S2-2-CHP The thermal dryer is replaced with HTC-TerraNova (see S1-2 for conditions). The produced hydrochar (65 % DS) enters the boiler to produce heat and 
electricity, from which the ash residue is sent to disposal. Adding acid to the slurry causes P to leach into the liquid phase. P is recovered after the HTC reactor 
and sold to the market, as explained in S1-2. Produced heat and electricity supply the internal energy demand of both AD and HTC-TerraNova, with the 
surplus assumed to be sold at market prices. 

S2-2-CHP (incl.ES) Same as S2-2-CHP except that the plant receives ES and mixes it with hydrochar before entering the boiler, as described for S2-1-CHP (incl. ES) 
S2-2-heat-only Same as S2-2-CHP except that the steam produced in the boiler is here used to produce only heat. 
S2-2-heat-only (incl. 

ES) 
Same as S2-2-heat-only except that the plant receives ES and mixes it with hydrochar before entering the boiler, as described for S2-1-CHP (incl. ES)  
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production lower than 11,000 t dry solids (DS)/a, steam boilers are not 
technically feasible options. Instead, hot water boilers are standard for 
smaller plants (HUBER technology, 2021). As hot water boilers are 
unable to supply heat at the required temperature and pressure for HTC, 
small WWTPs are excluded in this study. Although common size of 
fluidized boilers for sewage sludge combustion is 37,000–40,000 t DS/a, 
plants with as low sludge capacity as 3200 t DS/a (Ruegen, Germany) 
and as high as 95,000 t DS/a (Lünen, Germany) are in operation in 
Germany (Schnell et al., 2020). Here we consider a WWTP with a ca-
pacity of 11,000 t DS/a, which corresponds to a city with 550,000 in-
habitants, assuming a sludge per capita production of 20 kg DS/a. 

2.2. Detailed scenario description 

Ten technology scenarios that incorporate HTC in the sewage sludge 
treatment process are outlined and compared with relevant reference 
cases. The sludge is treated by mesophilic AD at 37 ◦C with 48 % of the 
organic matter of the sludge being converted to biogas (Mayer et al., 
2021). Afterwards, the digested sludge is dewatered from 4 % to 25 % 
DS, and the biogas is used in a CHP cycle with a total efficiency of 90 % 
to produce heat (55 %) and electricity (35 %). Table 1 presents detailed 
description of the scenarios and conditions, and Fig. 1 shows them in 
schematics. As two companies have provided HTC technical data based 
on two different sewage sludges, we use two reference cases corre-
sponding to the sludge characteristics. 

2.3. Process modeling 

Mass and energy balances from existing installations are calculated 
based on detailed spreadsheet models of the integrated process config-
urations shown in Fig. 1. Performed mass and energy balances are used 
as the underlying factors in estimating the capital and operating cost of 
the investigate upgrading plants. Table 2 summarizes the process data as 
applied in the modeling, along with data from the open literature. 

Generic HTC models that could be used to provide enough knowl-
edge for full-scale plants, are currently lacking (Rom et al., 2018). The 
results of integrated experimental and modeling approaches to develop 
inventory data are limited to experimental design, scale, and feedstock 
(Akbari et al., 2019; Hedayati Marzbali et al., 2021; Ischia and Fiori, 
2021; Medina-Martos et al., 2020). In this study, data for the HTC pro-
cesses are provided by two companies that have installed HTC on a 
commercial scale for sewage sludge. A black box model of HTC- 
TerraNova and a grey box model for HTC-C-Green are applied in this 
paper based on data and process descriptions provided by two com-
panies (C-Green and TerraNova), as further detailed in the Supple-
mentary material (Appendix A). Table 2 shows the sludge characteristics 
provided by the companies. 

Energy integration is limited to the inside of the system boundary, 
and surplus produced heat and electricity are valued based on market 
price, even though they would, in reality, be utilized for internal de-
mand of the WWTP, which in this study has been left outside the system 
boundary. Additional energy used in the AD due to PW treatment is 
considered explicitly in the energy balance, while chemicals and energy 

Table 2 
HTC and unit process specifications.   

HTC-C-Green 
S1R-1, S1-1, S2R-1, and S2-1 scenarios 

HTC-TerraNova 
S1R-2, S1-2, S2R-1, S2-2 scenarios 

HTC, sludge characteristics Unit Sludge Hydrochar Sludge Hydrochar 

Moisture wt. % 74a 38 78a 36 
Solid content wt. % 26 62 22 63 
C wt. % 35 33 31 28 
H wt. % 4.8 4 4.6 3.7 
N wt. % 4.8 2.8 4.6 3.2 
O wt. % 20 12 20 10 
S wt. % 1.3 1.3 1.2 3.7 
Cl wt. % 0.050 0.010 0.090 0.050 
Ash wt. % 35 47 38 51 
P mg/kg DS 32,700 47,200 43,725 8,709b 

LHV MJ/kg DS 15 15 13 12 
Hydrochar yield % DS – 63 – 75 
PW Unit after HTC after WO after HTC 
COD g/l 49 15 60 
BOD7 g/l 17 9 26 
CH4 generation from PW digestion LCH4/g COD in PW – 18c 14 
Key modeling data 
Unit process Feature Unit Amount Reference 
AD AD temperature ◦C 37 (Medina-Martos et al., 2020) 

Volatile substance reduction during AD % 48 (Medina-Martos et al., 2020) 
CH4 share in biogas % 65 (Medina-Martos et al., 2020) 
Heat value of biogas kWh/m3 10 (Medina-Martos et al., 2020) 
AD heat demand kWh/m3 sludge 24.3 (Mayer et al., 2021; Medina-Martos et al., 2020) 
AD electricity demand kWh/m3 sludge 1.95 (Mayer et al., 2021; Medina-Martos et al., 2020) 
Biogas CHP efficiency % electricity 35 (Mayer et al., 2021; Medina-Martos et al., 2020) 

% heat 55 (Medina-Martos et al., 2020) 
Belt dryer Dryer heat demand kWh/t evaporated water 850 (HUBER technology, 2022) 

Dryer electricity demand kWh/t evaporated water 85 (HUBER technology, 2022) 
Dryer temperature ◦C 80–110 (Havukainen et al., 2022) 

Steam boiler Boiler steam pressure bar 40 (Neuwahl et al., 2019) 
Boiler steam temperature ◦C 400 (Neuwahl et al., 2019) 
Excess air % 30 (Vamvuka et al., 2019) 
Combustion efficiency % 98 (Vamvuka et al., 2019) 
Boiler efficiency % 85 (Neuwahl et al., 2019) 
Stack temperature ◦C 120 own assumption 

aAs received. 
bCalculated. 
cWirth et al. (2015). 
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carrier consumption in the WWTP are excluded from the analysis. The 
biogas CHP unit is assumed to have a 10 % free capacity that can be used 
in the scenarios with improved biogas production. 

In the first set of scenarios (S1), the biogas CHP provides the internal 
energy demand. The steam cycle and operating temperature for the 
thermal dryer in the S2R-1/2-heat-only and S2R-1/2-CHP are chosen so 
that the condenser can meet the thermal dryer demand. Heat recovery 
from PW to preheat the sludge for AD is considered in all scenarios that 
include HTC. The AD, thermal dryer, and combustion processes are 
modelled according to the approach suggested in (Mayer et al., 2021). 
The additional biogas production from PW is calculated based on L CH4 
g− 1 COD yield reported by the open literature. 

The flue gas cleaning system for the second set of scenarios (S2) is 
considered the same both with and without HTC, and for CHP and heat- 
only (Jurczyk et al., 2016; Schnell et al., 2020). In summary, ammonia 
or urea is directly injected into the boiler to reduce nitrogen oxides 
through selective non-catalytic reduction, an electrostatic precipitator 
removes fly ashes, and a two steps wet scrubber using NaOH or Ca(OH)2 
is applied for desulfurization (Kilkovsky et al., 2014; Schnell et al., 
2020). Micro and nanofiltration are used for flue gas condensation 
treatment (Thomas Brinkmann et al., 2016). Other relevant process data 
is obtained from the open literature (see Table 2). 

2.4. Economic evaluation 

2.4.1. Evaluation of investment opportunity 
Each scenario’s economic feasibility is assessed in relation to the 

corresponding reference scenario, by calculating an annual specific in-
vestment margin and annual specific investment cost. This comparative 

economic evaluation of the scenarios is performed in two steps. 
In the first step, an annual specific investment margin (€/t of total 

dewatered sludge within the system boundary) is calculated by net 
annual operation income minus variable operation costs (VC) of adding 
HTC to a given system, divided by inlet tonnes of dewatered sludge per 
year (equation (1). Operational costs are divided into fixed operational 
costs (FC) at 5 % of total investment costs (TIC), and VC which include 
energy, material, and disposal costs (Table 3). Heat, electricity, hydro-
char, and P are potential products generating revenues (R) for each 
given scenario. Disposal cost consists of transportation cost to a waste 
processing plant and gate fee to receive the residue, according to the 
scenario (dewatered sludge in S1R and ash in S2). 

By considering changes between the HTC and reference scenarios in 
the economic evaluation, effects of introducing HTC to the reference 
system are consequently highlighted. Thus, a clear connection can be 
made between investment costs and the changes induced by HTC in the 
treatment systems. 

In the second step, the annual specific investment cost (€/t of dewa-
tered sludge) of adding HTC is calculated by equation (2). The TIC of 
technologies is estimated based on the method explained in (Towler and 
Sinnott, 2021) (see Supplementary material, Appendix B), and divided 
by tonnes of dewatered sludge per year, to determine the specific in-
vestment costs. The annual specific investment costs are then obtained 
by multiplying the specific investment costs by an annuity factor (AF) 
(equation (3) of 10 %, based on the interest rate i of 8 % and an economic 
lifetime n of 20 years. In S1, TIC is the actual HTC plant cost, while in S2 
the cost of a new belt dryer constitutes the reference TIC. 

The difference between the annual specific investment margin and 
the annual specific investment cost shows the viability of investment or 

Table 3 
Equipment purchases cost and data for variable operational costs and prices.  

Equipment purchase cost Unit Amount Module/desired capacity (t dewatered sludge/h) 

HTC-C-Greena M€/module 10 2.5/5.7 
HTC-TerraNovaa M€/module 3.2 2.9/5.7 
Thermal belt dryer a M€/module 3 2.9/5.7 
Variable operational costs 
Chemical prices Unit Amount Reference 
Ca(OH)2 €/t 140 (Egle et al., 2016) 
H2SO4 98 % €/t 150 (Egle et al., 2016) 
NaOH €/t 303 (Faragò et al., 2021) 
Water €/m3 0.5 (Egle et al., 2016) 
O2 gases €/kg 0.03 (Young et al., 2021) 
Activate Carbon €/t 1485 (Faragò et al., 2021) 
CaCO3 €/t 996 (Egle et al., 2016) 
NH3 €/t 300 (Egle et al., 2016) 
Energy/product prices    
Heat price €/kWh 0.06 (Egle et al., 2016) 
Electricity price €/MWh 217 (Nord Pool, 2021) 
Hydrochar price b €/t 100 (Lucian and Fiori, 2017; Medina-Martos et al., 2020) 
Rocky phosphate c €/t 320 (Bagheri et al., 2022) 
Disposal    
Ash disposal d €/t 50 (Eboh et al., 2019) 
Fly ash disposal e €/t 120 (Bagheri et al., 2022) 
Sludge gate fee f €/t 55 (Eboh et al., 2019) 
Transport €/t km 0.14 (Egle et al., 2016) 
Condensate treatment g €/m3 1 (Thomas Brinkmann et al., 2016) 

aThe cost includes all the equipment, piping, electrical, instrument, and engineering costs. These technologies are delivered as an already finished module with 
everything inside connected, insulated, and ready to operate (C-Green, 2022; TerraNova Energy, 2022). The dryer is the belt type (model BT8) from HUBER tech-
nology. 
bLucian and Fiori reported the price range of 157–200 €/t for hydrochar production as a competitive price compared to woody biomass, and they also reported the 
selling price of 150–200 €/t of hydrochar by Ingelia S.L.(Lucian and Fiori, 2017). Reißmann et al. suggested that the hydrochar production cost from sewage sludge 
should be less than 325 €/t (Reißmann et al., 2020). Medina-Martos et al. considered 103.08 €/t of hydrochar from non-digested sludge (Medina-Martos et al., 2020). In 
this study, the selected base price of 100 €/t which is close to the given price for sewage sludge-based hydrochar by Medina-Martos et al. 
cThe quality of recovered P is assumed to be similar to phosphate rock. 
dCyclone and bottom ash. 
eIt is assumed that 3 % of total ash is taken as fly ash (Neuwahl et al., 2019) known as hazardous waste that is disposed of separately. 
fThe gate fee is the charge that the WWTP pays to the downstream waste processing facility, outside the system boundary. 
gDue to lacking specific condensate characteristics, a condensate treatment cost of 1 €/m3 is considered based on the reported general cost of the filtration process 
(Brinkmann et al., 2016). 
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investment opportunity in HTC, as the former is based on system changes 
prompted by the introduction of HTC, and the latter is based on the 
actual investment cost of HTC. By applying this method, we can deter-
mine whether scenarios with HTC improve the economic performance of 
sewage sludge treatment systems compared to the reference scenarios. 

Annual specific investment margin =
(R-VC)scenario- (R-VC)reference

t of dewatered sludge
(1)     

Annuity factor =
i(1 + i)n

(1 + i)n-1
(3)  

2.4.2. Economic input data 
The equipment purchase costs for HTCs and the thermal dryer are 

obtained from the technology vendors for the year 2022. The sum of the 
installed cost of technologies (ISBL), offsite costs (OSBL), design and 
engineering, and contingency is defined as TIC, as detailed in Appendix 
B. The HTC has a modular design, so scale-up is done by adding more 
modules, and the cost of the module contains all the equipment, build-
ing, piping, electrical work, instrument, and engineering costs except 
civil work. The process gas of HTC consists mainly of CO2; however, it 
also contains hydrogen sulphide, nitrogen dioxide, nitric oxide and 
ammonia, which requires further treatment (Hämäläinen et al., 2021). 

As the module has all technical requirements, the capital cost of the 
technologies includes the gas cleaning process, hence energy demand of 
the gas cleaning is also included in the module energy demand. 
Although the details of the gas composition are not available, the 
chemical demand of gas cleaning is included in the data that constitutes 
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Fig. 2. Breakdown of energy demand and output, and net heat and electricity output of scenarios per inlet energy (MWh/MWh total dewatered sludge inside the 
system boundary, including external sludge, ES). In “S1” scenarios, HTC is added to a WWTP with an AD facility. In “S2” scenarios, HTC is added to an integrated 
WWTP that includes both AD and combustion for heat-only or CHP production. “R” indicates reference scenarios without HTC, “-1” scenarios using the HTC-C-Green 
technology, and “-2” scenarios using the HTC-TerraNova technology. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Annual specific investment cost =
(TIC × AF + FC)scenario − (TIC × AF + FC)reference

t of dewatered sludge
(2)   
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the foundation for the modelling. Table 3 presents the summary of cost 
and price data used in the economic analysis. 

2.4.3. Sensitivity analysis 
The total revenue of each scenario is (depending on scenario char-

acteristics) highly dependent on the heat, electricity, hydrochar, and P 
market prices, as well as the final waste disposal cost (gate fee) of ma-
terial sent to the waste handling site. Therefore, a sensitivity analysis is 
performed regarding the impact of market prices and gate fees on the 
investment opportunity, varying the mentioned variables from − 50 % 
to + 50 %. 

3. Results and discussion 

3.1. Energy performance 

The energy performance of the studied system has several di-
mensions. While the most critical issue is undisputedly to reduce the 
sludge’s water content and consequently increase its heating value, 
recirculation of PW from the HTC also has the potential to stimulate 
biogas production. The results show that recirculating PW to the AD 
improves biogas production by 9.4 % in the HTC-TerraNova scenarios 
(S1-2, S2-2-CHP/-heat-only, and S2-2-CHP/-heat-only (incl.ES)), but 
only 2.0 % in the HTC-C-Green scenarios (S1-1, S2-1-CHP/-heat-only, 
and S2-1-CHP/-heat-only (incl.ES)) scenarios. The reason is that the 
organic matter in the PW is oxidized during the WO, which instead 
provides the heat needed by the HTC reactor. 

Moreover, returning PW to the AD in the HTC-C-Green scenarios 
increases the AD electricity demand by 7.1 %. Therefore, the additional 
biogas production cannot cover the additional electricity demand of the 
PW treatment. Conversely, for the HTC-TerraNova scenarios the addi-
tional electricity demand of the AD is 8.1 %, while the electricity pro-
duction improves by 9.4 %. Therefore, additional biogas produced by 
returning PW to the AD covers HTC-TerraNova’s electricity demand. 

Fig. 2 shows a graphic representation of the demand and output of 
heat and electricity for the studied sewage sludge treatment system, for 
each scenario. Mass and energy balances applied in economic analysis 
are presented in Table 4, with a detailed balance for each scenario 

presented in the Supplementary material (Appendix C). 
Regarding AD heat demand, recirculating the PW incurs no addi-

tional thermal demand, as the PW leaves the HTC at 70 ◦C. As the AD 
operates at 37 ◦C, the PW can be used to pre-heat the inlet sludge to the 
AD. Therefore, S1-1 has a higher heat output, compared to the respective 
reference scenario, due to higher biogas production and the possibility 
to use recirculated PW to pre-heat the sludge. The net electricity output 
of S1-1 is 20 % lower than that of S1R-1 due to WO demand, and the 
improvement of biogas production is inadequate to offset the rise in 
electricity consumption. However, S1-1 has 74 % higher heat output. 
For S1-2, the effects are the opposite, with 29 % decreased heat output 
due to HTC demand and 3.2 % increased electricity output, compared to 
S1R-2. 

Replacing the thermal dryer with HTC in the S2 scenarios, without 
ES, reduces the total heat demand for pre-processing the sewage sludge 
before combustion and provides a fuel (hydrochar) with higher solid 
content. The total inlet fuel volume to the boiler is, however, almost 
halved compared to in the reference system. The boiler thus works with 
free capacity, which is economically unfavorable. Covering the free 
capacity of the boiler with ES could increase both energy demand and 
outputs. S2-1-CHP (incl.ES) outperforms S2-1-CHP in terms of heat and 
electricity outputs, which increase by 47 % and 4.9 %, respectively. 
Although the electricity output is still 7.5 % lower than in the S2R-1- 
CHP, replacing the thermal dryer with HTC and adding ES improves 
heat and electricity production. Conversely, in S2-2-CHP (incl.ES), the 
electricity output is 31 % and 6.5 % higher than in S2R-2-CHP and S2-2- 
CHP, respectively. Although the flue gas cleaning system operates at full 
capacity, ES covers the demand and improves the electricity output. 

Although the energy demand for a thermal dryer is higher than for 
the HTC process, the thermal dryer can utilize low-temperature heat 
sources. All HTC scenarios demand high-temperature heat sources (e.g., 
steam at 240 ◦C), that can be incompatible with a combustion process. 
For instance, in S2R-2-CHP, the condenser covers the heat demand of the 
thermal dryer. In contrast, in S2-2-CHP, if the system was not connected 
to AD, replacing the thermal dryer with HTC-TerraNova would require 
steam extraction from the turbine, which would significantly impair the 
electricity production in the given process. This would make the thermal 
dryer the better match for the given CHP process, as the process could 

Table 4 
Mass and energy balance results applied in the economic analysis for the studied technical scenarios. 

Scenarios AD Thermal dryer HTC 

Parameters Biogas 
production 

Electricity 
production 

Heat 
production 

Electricity 
demand 

Heat 
demand 

Dewatered 
sludge 
(25% DS) 

Heat 
demand 

Electricity 
demand 

Mass of 
semi- 
dried 
sludge 
(45% 
DS) 

Hydrochar Heat 
demand 

Electricity 
demand 

O2 Water  

m3/h MWh/h MWh/h kWh/h MWh/h t/h MWh/h kWh/h t/h t/h kWh/h kWh/h t/h t/h 

S1R-1 890 2.14 3.06 116 1.45 5.73 0 0 0 0 0 0 0 0 
S1-1 908 2.18 3.13 125 1.31 5.73 0 0 0 1.51 0 447 0.49 41.2 
S1R-2 725 1.74 2.49 98.4 1.22 5.73 0 0 0 0 0 0 0 0 
S1-2 793 1.91 2.73 106 1.09 5.73 0 0 0 1.55 745 103 0 22.9 
S2R-1-CHP 890 2.14 3.06 116 1.45 5.73 2.06 206 3.31 0 0 0 0 0 
S2-1-CHP 908 2.18 3.13 125 1.31 5.73 0 0 0 1.51 0 447 0.49 41.2 
S2-1-CHP (incl.ES) 908 2.18 3.13 125 1.31 7.53 0 0 0 1.51 0 447 0.49 41.2 
S2R-2-CHP 725 1.74 2.49 98.4 1.22 5.73 2.44 244 2.86 0 0 0 0 0 
S2-2-CHP 793 1.91 2.73 106 1.09 5.73 0 0 0 1.55 745 103 0 22.9 
S2-2-CHP (incl.ES) 793 1.91 2.73 106 1.09 7.03 0 0 0 1.55 745 103 0 22.9 
S2R-1-only-heat 890 2.14 3.06 116 1.45 5.73 2.06 206 3.31 0 0 0 0 0 
S2-1-only-heat 908 2.18 3.13 125 1.31 5.73 0 0 0 1.51 0 447 0.49 41.2 
S2-1-heat-only (incl. 

ES) 
908 2.18 3.13 125 1.31 7.53 0 0 0 1.51 0 447 0.49 41.2 

S2R-2-only-heat 725 1.74 2.49 98.4 1.22 5.73 2.44 244 2.86 0 0 0 0 0 
S2-2-only-heat 793 1.91 2.73 106 1.09 5.73 0 0 0 1.55 745 103 0 22.9 
S2-2-heat-only (incl. 

ES) 
793 1.91 2.73 106 1.09 7.03 0 0 0 1.55 745 103 0 22.9  
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produce more electricity and use low-temperature heat that would 
otherwise be wasted in case of lacking external heat demand. In S2-2- 
CHP, the AD-CHP is therefore used to supply the heat for the HTC 
(high temperature), while heat from the condenser is utilized for the AD 
heat demand (low temperature). The net heat and electricity output of 
the given system therefore improves for S2-2-CHP by 31 % and 23 %, 
respectively, compared to with the thermal dryer. This is due to i) 
significantly lower heat demand for producing hydrochar (130 kWh/t 
evaporated water) with lower moisture (from 25 to 64 % DS) content 
than semi-dried sludge (850 kWh/t evaporated water, from 25 to 45 % 
DS) and ii) lower electricity demand of the HTC and flue gas cleaning 
systems, compared to S2R-2-CHP. The decreased electricity demand for 
the flue gas cleaning, however, is caused by the free capacity of the 
boiler. It is worth mentioning that a standalone CHP plant (without 
integration with AD) would, however, be unable to operate with the 
HTC-TerraNova without impairing the electricity production, unless the 
plant is a green field project designed according to HTC demands rather 
than upgrading an existing plant. 

Conversely, in S2-1-CHP, WO instead provides the heat demand, 
which makes it independent of the steam cycle, while instead increasing 
the process’ overall electricity demand. S2-1-CHP has 33 % higher net 
output heat of the system compared to S2R-1-CHP, but 12 % lower net 
electricity, due to the factors already discussed above (negligible 
improvement of biogas production and high electricity demand of HTC- 
C-Green). 

Regarding the heat-only scenarios, S2-1-heat-only has a 18 % higher 
net output of heat and a 1.7 % lower output of electricity, while in S2-1- 
heat-only (incl.ES), the heat output increases by 75 % and the electricity 
output decreases by 22 %, compared to the thermal dryer (S2R-1-heat- 
only). The effect of WO and flue gas cleaning at full capacity were 
aggregated in S2-1-heat-only (incl.ES). Conversely, S2-2-heat-only in-
creases the net output of both heat (+26 %) and electricity (+42 %) 
compared to the reference (S2R-2-heat-only). Again, the increase in net 
output of electricity is in fact due to the boiler not working at full ca-
pacity, and thus having a lower electricity demand. At full boiler ca-
pacity, S2-2-heat-only (incl.ES), the heat and electricity output increases 
by 92 % and 32 % compared to the reference. 

In all S2 scenarios, the output heat of the given system increases 
compared to the reference cases. The output electricity of the system 

with HTC-C-Green is lower due to the high electricity demand of the 
WO, while in the system with HTC-TerraNova, the output electricity of 
the system is improved. When comparing net electricity output differ-
ences between CHP and heat-only scenarios, it should be highlighted 
that the AD-CHP has a significant share in the total electricity produc-
tion in all scenarios, which is equal in both CHP and heat-only reference 
cases, and it changes insignificantly in scenarios with HTC. The differ-
ence in electricity output between S2-1-CHP and S2-1-heat-only is 37 %, 
and 30 % between S2-2-CHP and S2-2-heat-only. When ES is added to 
the boiler, these differences increase to 84 % and 50 %, respectively. 

3.2. Economic performance 

The energy performance analysis revealed that HTC, in S1, reduces 
either heat or electricity outputs while, in S2, outperforms the thermal 
dryer in terms of heat demand. However, the investment cost and 
external factors such as sludge disposal costs, hydrochar, and energy 
prices have a large impact on the actual investment opportunity. This 
section translates those implications into monetary performance. Fig. 3 
shows a breakdown of the costs and revenues for the scenarios. The 
figure also shows the resulting annual specific investment margin, as 
well as the annual specific investment cost. As described in section 2.4, 
the difference between the annual specific investment margin and the 
annual specific investment cost represents the opportunity to invest in 
HTC. Details of the economic performance, in terms of costs and reve-
nues for each technical scenario, can be found in the Supplementary 
material (Appendix D). 

Notably, only five scenarios (S1-2, S2-2-CHP/(incl.ES), and S2-2- 
heat-only/(incl.ES)) show a positive investment opportunity for HTC, 
i.e., a higher annual specific investment margin than annual specific 
investment cost. Scenario S1-2 exhibits the most prominent investment 
opportunity where implementing HTC-TerraNova (going from S1R-2 to 
S1-2) enables an investment cost of up to 96 €/t sludge while the actual 
investment of the scenario (according to investment cost data provided 
by the technology supplier) amounts to 42 €/t sludge. The explanation 
behind this is that adding HTC to WWTP avoids almost 3 M€/a of sludge 
disposal cost (transportation + gate fee) and instead adds up to 1.2 M€/a 
of hydrochar revenue, as well as P revenue of 0.11 M€/a, to the system. 
Under the right circumstances, such as high hydrochar price and gate fee 

HTC Incineration Flue gas cleaning system 

H2SO4 P recovery Inlet fuel Electricity 
production 

Heat production Electricity 
demand 

Ash Ca (OH)2 NaOH CaCO3 Activate 
carbon 

Ammonia H2SO4 Heat recovery 

t/h kg/h t/h kWh/h MWh/h kWh/h kg/ 
h 

kg/h kg/h kg/h kg/h kg/h kg/h MWh/h 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 7.96 0 0 0 0.57 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.11 44.9 0 0 0 0 0 0 7.96 0 0 0 0.57 0 
0 0 3.31 669 3.04 541 515 7.45 63 2.56 0.9 18 0 1.72 
0 0 1.51 464 2.06 357 441 4.92 49.0 1.69 0.59 11.9 0.57 1.57 
0 0 3.31 826 3.71 634 703 8.73 80.9 3.0 1.05 21.1 0.57 2.52 
0 0 2.86 471 2.17 466 492 6.43 53.7 2.21 0.77 15.5 0 1.48 
0.11 44.9 1.55 402 1.80 367 502 5.05 42.8 1.74 0.61 12.2 0.57 0.56 
0.11 44.9 2.86 613 2.79 466 710 9.11 66.3 2.71 0.02 19 0.57 1.32 
0 0 3.31 0 3.96 541 515 7.45 62.3 2.56 0.90 18 0 1.72 
0 0 1.51 0 2.80 357 441 4.92 49.1 1.69 0.59 11.9 0.57 1.57 
0 0 3.31 0 4.84 634 703 8.73 80.9 3.00 1.05 21.1 0.57 2.52 
0 0 2.86 0 2.72 466 492 6.43 53.7 2.21 0.77 15.5 0 1.48 
0.11 44.9 1.55 0 2.36 367 502 5.05 42.8 1.74 0.61 12.2 0.57 0.56 
0.11 44.9 2.86 0 3.60 466 710 9.11 66.3 2.71 0.02 19 0.57 1.32  
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cost (see Fig. 4), not only S1-2 but also S1-1 could be an attractive in-
vestment, despite having a 2.6 times higher annualized TIC cost than S1- 
1. External conditions, such as increased transportation costs due to fuel 
price, or increased landfill costs, would stimulate the investment feasi-
bility of S1-1. 

The increase in the net revenue in S2-2-CHP and S2-2-heat-only is 
respectively 14 % and 20 % compared to the references, with S2-2-heat- 
only slightly outperforming S2-2-CHP in terms of investment opportu-
nity. Poor sludge quality in these cases and the fact that turning sludge to 
hydrochar instead of drying it improves the main output (heat) of the S2- 
2-heat-only could be one reason. On the other end of the spectrum, S2-1- 
CHP and S2-1-heat-only are economically infeasible due to the high 

investment cost of HTC-C-Green, compared to that of the thermal dryer. 
Further, a higher fixed operational cost due to more complex technol-
ogy, which, in combination with a reduction in electricity revenue, 
causes poor economic performance. 

Co-combustion of hydrochar with external sludge (ES) to cover the 
free capacity in the boiler enhances heat and electricity outputs in all S2 
scenarios while the plant also receives a gate fee revenue for the ES. 
Although the specific investment margin in S2-1-CHP (incl.ES) is seven 
times higher than in S2-1-CHP and thus diminishes the distance between 
the specific annualized investment cost and the investment margin, the 
investment opportunity is still negative. Again, the high gate fee and 
increased energy revenues, in combination with the significantly lower 

Fig. 3. Breakdown of the treatment cost of sewage sludge, annual specific investment costs, and annual specific investment margins in the studied scenarios. In “S1” 
scenarios, HTC is added to a WWTP with AD facility. In “S2” scenarios, HTC is added to an integrated WWTP that includes both AD and combustion for heat-only or 
CHP production. “R” indicates reference scenarios without HTC, “-1” scenarios using the HTC-C-Green technology, and “-2” scenarios using the HTC-TerraNova 
technology. “(incl.ES)” indicates scenario with co-combustion of hydrochar with external sludge (ES). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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reported specific investment cost of TerraNova compared to C-Green, 
motivates in the investment in HTC in S2-2-CHP/-heat-only (incl.ES). 

Enhancing the efficiency of WWTPs to the point where they are 
practically self-sufficient should be concurrent with significant eco-
nomic benefits. Due to the poor quality of sewage sludge (high water and 
ash content), energy recovery alone is usually insufficient to motivate 
the implementation of investment-intensive technologies. It should be 
noted that in S2, it is expected that the plant needs to replace its thermal 
dryer, which has a substantial impact on whether or not the HTC can be 
implemented at the WWTP. Still, most S2 scenarios show small or no 

investment opportunity. Conversely, HTC is profitable in S1, despite the 
plant’s investment in a new technology that raises energy requirements. 
HTC thus offers more economic benefits to WWTPs that are dependent 
on centralized waste processing plants for sewage sludge treatment, 
than for those integrated with a combustion facility. 

Due to the great impact of investment costs on the economic feasi-
bility of introducing HTC into the sewage sludge treatment process, a 
more in-depth economic evaluation is recommended where investment 
related uncertainties, such as interest rate and access to capital, are 
investigated, as these aspects have been shown to have considerable 

Fig. 4. Sensitivity analysis is performed by measuring the investment opportunity (i.e., the difference between the annual specific investment margin and the annual 
specific investment cost) when key economic parameters of each scenario are varied between − 50 % and +50 %. The reference distance is displayed by black bars. 
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impact on the relative performance of the cases. 

3.2.1. Sensitivity analysis results 
The results of the sensitivity analysis (Fig. 4) show that all HTC-C- 

Green scenarios, i.e., S1-1 and S2-1-CHP/-heat-only/(incl.ES), exhibit 
an inverse correlation with the electricity price. This is due to the 
decreased net electricity output, which means these cases are not 
economically favored by a high electricity price. In contrast, a higher 
gate fee and hydrochar price would improve the feasibility of the sce-
narios, with both S1-1 and S1-2 showing considerable sensitivity to the 
gate fee. S1-2 also has an inverse correlation with the heat price as the 
net heat output is lower than in S1R-2, while the rest of the scenarios’ 
investment opportunities positively correlates with heat and electricity 
market prices. 

The impact of the P revenue on the economic feasibility in the HTC- 
TerraNova scenarios (S1-2, S2-2-CHP/-heat-only/(incl.ES)) was found 
to be insignificant. Consequently, the annual specific investment margin 
has low sensitivity toward P price, which could bring an opportunity for 
the sludge-based P to be sold at a lower price than mineral-based fer-
tilizer and benefit the marketability of sludge-based P. Overall, the 
amount of recovered P and its revenue in the current market are insig-
nificant; P recovery is insufficient to provide sufficient investment 
motivation for the adoption of recycling techniques. Therefore, legisla-
tion that demands P recovery but doesn’t provide financial supports is 
unlikely to result in effective P recovery solutions. 

Energy and investment intensive technology have no investment 
opportunity in sewage sludge treatment chains, unless boundary con-
ditions such as energy and disposal costs for sewage sludge increase. 
Although HTC offers an alternative for energy-intensive drying (in S2), 
the implementation opportunity of HTC into a WWTP is higher in S1. 
The results are influenced by the assumption that the thermal dryer in S2 
needs to be replaced; otherwise, it is possible that the replacement may 
not be motivated by economic considerations. The integration of AD and 
combustion is limited to locations with high population density, and the 
opportunity for integration of AD + HTC + combustion is thus also 
limited due to the same limiting factor. Whereas, transportation of wet 
sludge is a common challenge among WWTPs, and AD + HTC integra-
tion not only solves the challenge but also has a significant investment 
opportunity. 

HTC has been previously reported as a suitable pathway to immo-
bilize HMs and remove pharmaceutical contaminants (Hämäläinen 
et al., 2021; Tasca et al., 2022). For this reason, hydrochar has a better 
chance of being marketable as a product compared to sewage sludge, 
which is considered a waste. In order to assess the implementation po-
tential of HTC for sewage sludge, more in-depth investigations are 
required concerning i) detailed economic performance, ii) regulatory 
framework, and iii) hydrochar market formation. 

4. Conclusions 

By techno-economic analysis of introducing HTC in (i) a WWTP with 
AD, or (ii) a WWTP with the combination of AD and combustion, this 
study showed that the net output of heat, electricity, or both could be 
improved, depending on the energy demand of the HTC process. Using 
wet oxidation to cover the HTC’s heat demand entails a high investment 
cost and decreases the net electricity output. Therefore, this option is 
economically unattractive under the conditions investigated here. 
However, adding HTC to a WWTP with AD results in a significant in-
vestment opportunity because it i) improves the biogas production, ii) 
avoids disposal of sewage sludge and its related costs compared to the 
business-as-usual practice, and iii) generates a new hydrochar revenue. 
In this case, the investment opportunity is highly sensitive to both the 
hydrochar price and the disposal cost. The replacement of the thermal 
dryer with HTC, when process water of the HTC is directly returned to 
the AD, shows a positive investment opportunity. It should be noted that 
replacing the thermal dryer with HTC as pre-treatment for a combustion 

process could impair electricity production if the AD is not integrated 
with the HTC and combustion, because the thermal dryer operates by a 
low-temperature heat source while HTC requires steam. Although HTC 
uses less energy than a thermal dryer, its energy advantages only lead to 
a small investment opportunity because of the high investment cost. The 
investment opportunity can be improved by allowing for co-combustion 
of the produced hydrochar and external digested sludge, under the 
condition that the plant receives a gate fee for processing the external 
sludge. Phosphorus revenue has insignificant effects on the economic 
feasibility of implementing HTC. This could actually provide an op-
portunity for marketing sludge-based phosphorus as the easily recovered 
phosphorus constitutes a by-product from the process, and could as such 
be sold at a competitive price, without additional investment 
requirements. 
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