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Abstract 

Dry semicontinuous anaerobic digestion (AD) of South Korean food waste (FW) under four solid 
loading rates (SLRs) (2.30–9.21 kg total solids (TS)/m3 day) and at a fixed TS content was 
compared between two digesters, one each under mesophilic and thermophilic conditions. Biogas 
production and organic matter reduction in both digesters followed similar trends, increasing with 
rising SLR. Inhibitor (intermediate products of the anaerobic fermentation process) effects on the 
digesters’ performance were not observed under the studied conditions. In all cases tested, the 
digesters’ best performance was achieved at the SLR of 9.21 kg TS/m3 day, with 74.02% and 
80.98% reduction of volatile solids (VS), 0.87 and 0.90 m3 biogas/kg VSremoved, and 0.65 (65% 
CH4) and 0.73 (60.02% CH4) m

3 biogas/kg VSfed, under mesophilic and thermophilic conditions, 
respectively. Thermophilic dry AD is recommended for FW treatment in South Korea because it 
is more efficient and has higher energy recovery potential when compared to mesophilic dry AD. 
 
Keywords: Dry anaerobic digestion; Solids loading rate; Mesophilic condition; Thermophilic 
condition; Food waste; Renewable energy recovery 
 
1. Introduction 

Food waste (FW) has long been identified as a threat to human health and the environment (Cho 
et al., 2013; Hamilton et al., 2015; Salemdeeb et al., 2017 ;  Zhang et al., 2011) because it can 
generate considerable quantities of pathogens, pollutants (greenhouse gases and odorants), and 
contaminants (organic matter and nutrients) if it is not managed and handled properly. Large 
quantities of FW are generated every day worldwide through human activities—approximately 
one-third of food production for human consumption goes to waste (Thyberg and Tonjes, 2016; 
Uçkun Kiran et al., 2014 ;  Yu et al., 2016). This is equivalent to 1.3 billion tons of food wasted 
annually (Fisgativa et al., 2016), which is a major contribution to municipal solid waste (Pham et 
al., 2015;  Zhang et al., 2011), possibly up to 45% (Cho et al., 2013). In South Korea, from 2003 
to 2014, the amount of FW varied from 4.2 to 5.5 million tons per year (22.46–29.08%, 
respectively, of municipal solid waste) (Korea Ministry of Environment, 2016). On the positive 



side, FW does constitute a significant year-round potential source of quality alternative biomass 
material, as it contains high organic content (in dry matter: 35.5–69% sugar and 3.9–21.9% 
protein (Uçkun Kiran et al., 2014) and moisture (75–85%) (Wang et al., 2014a). It is also suitable 
for biodegradation and renewable energy recovery (Cho et al., 2013; Hamilton et al., 2015; Kim 
and Oh, 2011;  Wang et al., 2014b). 
 
Therefore, utilization of FW can significantly reduce both operating costs of FW treatment plants 
and damage to the environment and increase economic benefits derived from the production and 
use of sustainable energy (e.g., subsidies on renewable energy, carbon taxation, carbon credits, 
etc.). During the last decade, to achieve sustainable waste management strategies, South Korea’s 
government has enforced strict policies that cut production and/or increase recycling of FW 
(Environment, 2014), such as legislation, regulations, and standards as well as increased disposal 
fees based on volume (2010) (Cho et al., 2013; Lee and Paik, 2011;  Park and Lah, 2015). 
However, despite urbanization, rapidly rising living standards, and a population explosion from 
2010 to 2014 that increased the population by 2.01% (to 50.424 million people, 2014), it seems 
the average annual total FW yield did not differ significantly, with 4.99 million tons FW/year 
(average 0.277 kg FW/person·day) in 2010 and 5 million tons FW/year (average 0.272 kg 
FW/person·day) in 2014 (Korea Ministry of Environment, 2016). South Korea has the world's 
largest average ratio of FW generation per capita (Lim et al., 2008). 
 
In South Korea, the most common management solutions for FW are feeding it to animals or 
using it as fertilizer to improve the structure and increase the porosity of the soil. However, these 
approaches have become less attractive, due to newly issued regulations as well as limitations in 
the quality of products and in the control of potentially hazardous pathogens and antibiotic-
resistant genes (Kim and Oh, 2011; Wang et al., 2014a; Zhang et al., 2016 ;  Zhang et al., 2011). 
Meanwhile, landfilling or burning of FW has been banned since 2005 (Cho et al., 2013; Lim et al., 
2008). Therefore, with the aim of creating a sustainable economy and society, the government’s 
objectives are to develop efficient, economical, mitigative technologies and alternative methods 
for simultaneous FW valorization and enhanced renewable energy generation. This plan is for 
both now and in the future, to offer solutions for improving the current treatment system (Cho et 
al., 2013; Lim et al., 2008). For the purpose of organic waste management and renewable energy 
recovery, anaerobic digestion (AD) technology has been rated as an effective method and widely 
applied in practice (Bohutskyi et al., 2015; Gonzalez-Fernandez et al., 2015 ;  Zhang et al., 2011). 
Currently, depending on the content of total solids (TS) in the raw biomass, AD technology is 
basically divided into three categories: wet (≤10% TS), semidry (10–20% TS), and dry (≥20% TS) 
processes (Abbassi-Guendouz et al., 2012). Wet AD has been studied widely in recent years for 
the treatment of FW or mixtures of FW with other types of waste, such as garden waste, livestock 
manure (cows, horses, pigs and chickens), sewage sludge, etc. (Fitamo et al., 2016; Wang et al., 
2014b;  Zhang et al., 2016), with the results indicating that volatile solids (VS) reduction and 
methane (CH4) production rate could reach 75% and 0.51 L CH4/g VS, respectively. However, 
many problems are associated with this type of digester; for example, they require large volumes 
and are sensitivities, and failure may even occur if there are changes during system operation. 
These changes include variations in organic loading rate, ammonia nitrogen (NH4-N) 
concentration, pH, volatile fatty acids (VFAs), heavy metals, alkalinity, etc. (Fisgativa et al., 
2016 ;  Forster-Carneiro et al., 2008). 



 
In recent years, several studies on dry AD under mesophilic (20–45 °C) or thermophilic (41–
70 °C) conditions have been conducted on the organic fraction of municipal solid waste 
(Benbelkacem et al., 2015;  Fernández et al., 2008), lignocellulosic substrates (Brown et al., 
2012), and FW (Cho et al., 2013). All of these have generally demonstrated the dry AD 
technology’s economical and engineering feasibility and report several advantages and benefits, 
such as high organic loading rate, high biogas volumetric efficiency, low water content, and small 
digestate. However, dry AD does have several limitations that need to be overcome, for instance, 
long startup and degradation times and sensitivity to inhibitors, which are intermediate products 
of the anaerobic fermentation process (Banks et al., 2011; Forster-Carneiro et al., 2008 ;  Huang 
et al., 2016). 
Although dry AD has received special attention from the global scientific community recently, 
there seems to be no consistency among the early studies (Banks et al., 2011 ;  Fernández et al., 
2008), due to their heterogeneity of experimental conditions, e.g., variations in the environmental 
conditions, physicochemical characteristics of the substrates, seasons, regions, cultures, policies, 
etc. (Cho et al., 2013; Thyberg and Tonjes, 2016; Uçkun Kiran et al., 2014 ;  Zhang et al., 2007). 
Furthermore, no studies to date have calculated the recoverable FW energy potential of dry AD. 
Generally, available information in the literature concerning dry AD under thermophilic and 
mesophilic conditions in the field of valorization and conversion of FW for renewable energy 
recovery is very limited; thus, the exact mechanisms of such are not fully understood. 
Additionally, FW characteristics are the main factors directly affecting the anaerobic 
decomposition process (Uçkun Kiran et al., 2014;  Zhang et al., 2007). For this reason, research 
on dry AD for South Korean FW is urgently needed. The results of the present study should 
provide a more effective solution for South Korea’s Waste-to-Energy mandates as well as 
valuable information to the global scientific community. 
 
Therefore, the purposes of this research were to: (1) examine the performance of thermophilic 
and mesophilic dry AD for FW valorization under solids loading rates (SLR) that were increased 
stepwise from 2.3 to 9.21 kg TS/m3 day at a fixed TS content of 22%; (2) evaluate the biogas 
production and organic matter reduction during each process phase; (3) explain the relationship 
between SLR and renewable energy production; (4) evaluate the potential for converting South 
Korea’s FW into renewable energy via dry AD under different conditions; and (5) estimate 
electricity generation from the biogas produced using these treatment technologies for FW. In 
addition, the influence of the intermediate products of the AD process on the operational 
performance of the digesters was investigated. 
 
2. Materials and methods 

2.1. Characteristics of the FW and inoculums 

The corresponding FW and inoculum used in this study were obtained from the student cafeterias 
located in Kyonggi University, South Korea and a large-scale mesophilic dry AD plant of FW in 
“P” city, South Korea, respectively. Immediately after collection, the raw FW was crushed into 
particles smaller than 2 mm in size by a crusher and stored in a refrigerator (0–4 °C) prior to the 
dry AD experiments. 
 



The main characteristics of TS, VS, VS/TS ratio, total chemical oxygen demand (TCOD), total 
nitrogen (TN), NH4-N, and C/N ratio of the FW and inoculum are outlined in Table 1 and 
described in our previous work (Nguyen et al., 2017 ;  Nguyen et al., 2016). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2. Experimental setup and operational conditions 

Two independent, dry, semi-continuous anaerobic digesters were operated under mesophilic 
(38 °C) and thermophilic (55 °C) conditions (Fig. 1). The total and effective volumes of each dry 
anaerobic digester were 20 L and 10 L, respectively. The digesters were mounted with a hot 
water jacket system to control the operating temperature, which was set in advance depending on 
each digester’s requirements; an agitator to mix the contents completely (anaerobic microbes, 
substrates, etc.) at a constant 30 rpm; and temperature probes for continuous online measurement. 
The circulating pump was integrated into a hot water jacket system to ensure uniform hot water in 
the system and eliminate dead zones. All the electrical equipment (pumps, sensors, and agitator) 
used in each AD system was able to operate and record in two modes: automatic and manual 
(Nguyen et al., 2017). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic diagram (a) and photo (b) of the dry anaerobic digester used in this study 



Initially, 10 L of inoculum was added into each dry anaerobic digester for quick startup with the 
anaerobic microorganisms. The digesters were operated under solids loading rates (SLRs) that 
increased stepwise from 2.3 to 9.21 kg TS/m3 day at a fixed TS content of 22%, corresponding to 
hydraulic retention times (HRTs) from 100 days to 25 days, respectively (Nguyen et al., 2017). 
Operational details are summarized in Table 2. 
 
Table 2. Operational strategies and conditions of the dry AD. 

Phase 
 

Retention time 
days 

Operation time 
days 

Organic loading rate 
kg VS/m3 digester day 

Solids loading rate 
kg TS/m3 digester day 

Number of samplesa

 

P1 100 9 2.16 2.3 8 

P2 60 13 3.58 3.82 13 

P3 30 20 7.18 7.67 20 

P4 25 59 8.62 9.21 59 
a The samples were taken when the digester had stabilized. 

 
To investigate the effect of SLR on the digesters’ performance during each phase, different 
quantities of FW were added to the digesters once a day throughout the study period, and the 
SLRs were maintained at 2.3 ± 0.22 kg TS/m3 day for P1, 3.82 ± 0.37 kg TS/m3 day for P2, 
7.67 ± 0.74 kg TS/m3 day for P3, and 9.21 ± 0.89 kg TS/m3 day for P4, with HRTs of 100, 60, 30, 
and 25 days, respectively (Table 2). To acclimatize the population of microorganisms in the 
digester, during P1 and P2, both the thermophilic dry anaerobic (TheDA) digester and the 
mesophilic dry anaerobic (MeDA) digester were operated under the same conditions of 
temperature (38 °C). Subsequently, the TheDA digester was gradually shifted from the 
mesophilic condition (38 °C) to the thermophilic condition (55 °C) at a rate of 1 °C per two days 
until it reached 55 °C. This was done to minimize the shock due to rising temperatures during 
transient conditions (Nguyen et al., 2017). 
 
In order for the digesters to operate at the designed load without shock loading, the digesters were 
operated in steps of transition by stepwise increasing of the SLR. After each increase of the SLR, 
the digesters were monitored until the results showed stable levels. Similarly, increasing the load 
was repeated until the digesters reached the designed load. 
 
2.3. Analysis 

To appraise the performance of the digesters, sludge samples (input and output) and the generated 
biogas were collected and analyzed daily throughout all phases of operation. 
 
The sludge samples were characterized by measuring the concentration of TS, VS, TN, NH4-N, 
TCOD, and pH, according to standard methods (Apha, 2005). The volume of produced biogas in 
each digester was measured daily with a wet gas meter (W-NK-0.5, Shinagawa Corporation, 
Japan). Daily produced gas samples were collected in Tedlar® bags and analyzed for 
composition (CH4, CO2, NH3-gas, H2S) using a biogas analyzer (GSR-3100, Sensoronic, South 
Korea). VFAs were determined using a packed-column gas chromatograph (Agilent 7890A, 
Agilent Technologies, Inc., USA), equipped with a flame ionization detector and capillary gas 
chromatography (GC) column SGE BP21, under the operational conditions described previously 



by Nguyen et al. (2016). GC calibration was done under the guidance of the devices’ 
manufacturers and suppliers. 
 
2.4. Calculations 

The daily energy yields (Eqs. (1) ;  (2)) and specific recoverable electrical energy (Eq. (3)) were 
calculated as follows. 
 
 
 
 
 
 
 
 
 
 
For these calculations, it was assumed that 1 m3 methane provides an energy equivalent of 
approximately 10.4 kW h (Ahern et al., 2015) or 40 megajoules (MJ) (Yin et al., 2016). 
 
3. Results and discussion 

3.1. Effect of SLR on organic matter reduction 

Overall, the results indicated that the VS removal efficiency of both the TheDA and MeDA 
digesters after stabilization increased in direct proportion to an increase in SLR for all phases 
(Figs. 2(a,c) and S1(a,c)). During P1, P2, P3, and P4, the median VS removal efficiencies after 
stabilization by the MeDA digester were 43.98%, 44.55%, 63.37%, and 74.02%, respectively 
(Fig. 2(a)), and 43.98%, 46.37%, 59.20%, and 80.98% for the TheDA digester, respectively 
(Fig. 2(b)) The median VS removal efficiency did not differ significantly between the two 
digesters during P1 and P2. However, the fluctuation range of VS removal efficiency during P2 
in the TheDA digester was wider than it was in the MeDA digester, which can be attributed to the 
differences in adaptation of the anaerobic microorganisms in the digesters. 
 
In the TheDA digester, during the initial P3 of transition from mesophilic conditions to 
thermophilic conditions, by raising the temperature in the TheDA digester at the rate of 1 °C 
every two days. It seems the anaerobic microorganisms struggled to adapt and competed with 
each other (Figs. S1 and S2). Consequently, the median VS removal efficiency following 
stabilization of the TheDA digester (59.20%) was a bit lower than it was in the MeDA digester 
(63.37%). However, during P4, when the TheDA digester adapted to the thermophilic conditions, 
the VS removal efficiency of the TheDA digester (80.98%) was significantly higher than it was in 
the MeDA digester (74.02%). Montero et al. (2009) reported that the VS removal efficiency, CH4 
content, and CH4 production yield of thermophilic dry AD of the organic fraction of municipal 
solid waste were 80%, 40.9%, and 0.3 m3/kg COD removal, respectively. 
 
Similarly, in the test case, the specific organic consumed in both digesters also tended to increase 
proportionally with increasing SLR (Figs. 2(b,d) and S1(b,d)). In particular, during phases P1, P2, 



P3, and P4, the median specific organics consumed were 0.95, 1.60, 4.55, and 6.38 kg VS/m3 day, 
respectively, for the TheDA digester and 0.95, 1.66, 4.25, and 6.98 kg VS/m3 day for the MeDA 
digester, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Organic matter reduction in the dry digesters during stable operation under varying SLRs 

and either mesophilic or thermophilic conditions 
 
Consequently, the results clearly indicate that by increasing the SLR, the efficiency in removing 
organic matter increased in both types of AD. However, the conversion efficiency of organic 
matter in the digester operated under thermophilic conditions was approximately 10.4% greater 
than it was in the digester operated under mesophilic conditions. Additionally, the highest VS 
removal efficiency occurred during P4, the respective 90th (75th) VS reduction percentiles were 
76.10% (75.17%) in the TheDA digester and 85.34% (82.54%) in the MeDA digester. This result 
could be due to various groups and species of microorganisms increasingly present in quantity 
and activity in digesters, as abundant organic matter (SLR increasing), which they could 
generally acts and promotes higher conversion rates in a wide variety of soluble and particulate 
organic matters simultaneously, turning it into biogas and energy source. The variations in VS 
reduction and specific organics consumed in both digesters during the operation can be found 
more detail in Fig. S1. 
 
3.2. Effect of SLR on biogas production 

Daily biogas production, CH4 content, and specific biogas yield from treating FW using dry 
digestion under mesophilic and thermophilic conditions are shown in Fig. 3 and S2. 
 



The results in Fig. 3(a,d,c,f), in general, indicate that the relationships between daily biogas 
production or specific biogas production and SLR were similar, as both increased linearly in the 
digesters. The median daily biogas production in the digesters increased 2.56-fold (during P2) 
and 7.78-fold (during P3), compared with that during P1 (4.5 L/day). However, when the TheDA 
digester reached thermophilic conditions, the median daily biogas production from the two 
digesters differed significantly. During P4, the median daily biogas production considerably 
increased to 55.50 L/day (12.33-fold) for the MeDA digester and to 63.0 L/day (14-fold) for the 
TheDA digester, compared to only 4.5 L/day during P1 for both digesters. The 90th (75th and 
50th) percentiles of the daily biogas production for the MeDA and TheDA digesters were 
58 L/day (57 and 55.5 L/day) and 66.2 L/day (65 and 63 L/day), respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Daily and specific biogas generation in the dry digesters during stable operation under 
various SLRs and either mesophilic or thermophilic conditions 

 
In both digesters, the CH4 proportion of the biogas significantly increased as the SLR increased, 
from a median of 41.5% to 65% for the MeDA digester and from a median of 43.5% to 60.02% 
for the TheDA digester (Fig. 3(b,e)). Although the CH4 content of the biogas generated from the 
digester operated under thermophilic conditions (60.02%) was a bit smaller than that obtained 
from the digester operated under mesophilic conditions (65%), overall, the biogas production rate 
from the digester operated under thermophilic conditions was 0.90 m3 biogas/kg VSremoved, which 



was 3.34% higher than that obtained from the digester operated under mesophilic conditions. 
Therefore, the ultimate CH4 yield was higher, thus indicating the higher activity of the 
thermophilic anaerobic microorganisms compared to the mesophilic anaerobic microorganisms in 
terms of degradation and transfer into renewable energy of FW. 
 
The observational results in this study also showed that the amount of time needed for the dry 
anaerobic digester to stabilize after each increase in FW loading rate was different; the higher the 
load, the more time the digester required to stabilize because of the adjustment needed by the 
anaerobic microorganisms to adapt to the respective higher loads. 
 
The highest median specific biogas production (CH4 content of biogas) values of 0.73 m3 
biogas/kg VSfed and 0.9 m3 biogas/kg VSremoved (60.02%) for the TheDA digester and 0.65 m3 
biogas/kg VSfed and 0.87 m3 biogas/kg VSremoved (65%) for the MeDA digester occurred during 
P4. The present study showed much higher renewable energy recoveries than those reported in 
previous studies, such as 0.23 m3 biogas/kg VSfed (Bolzonella et al., 2003), 0.32 m3 biogas/kg 
VSfed (Pavan et al., 2000), and 0.22 m3 biogas/kg VSfed (Cecchi et al., 1991), 80–130 m3 of 
biogas/ton FW (Kim and Oh, 2011), 421 mL CH4/g VS (Moñino et al., 2016). 
 
The concentrations of VFAs in each dry anaerobic digester were also monitored and analyzed 
during the experiments (Table S1). VFAs are intermediate products of the AD process and are 
possible inhibitors to the growth of anaerobic microorganisms (Pavan et al., 2000), which then 
leads to decreased functioning of the system. During the present study, depending on the SLR, 
the total concentration of VFAs varied over a wide range, from 159 to 5674 mg TVFA/L in the 
MeDA digester and from 148 to 7101 mg TVFA/L in the TheDA digester. Although the total 
concentration of VFAs was high in both digesters (reached 5674, and 7101 mg TVFA/L in the 
MeDA digester and in the TheDA digester, respectively), VFAs had no apparent influence on the 
biogas production or performance of dry anaerobic digesters. This was possibly achieved as a 
result of the highly efficient buffering capacity offered by diverse groups and species of 
anaerobic microorganism in dry digesters. These findings are in contradiction with previous 
research (Bolzonella et al., 2003 ;  Franke-Whittle et al., 2014). The superiority of the study over 
another could be attributed to the presence and existence of various groups and species of the 
resident microorganisms at great density (concentration) in the dry anaerobic digesters, with each 
microorganism having its own optimum level of VFAs. In addition, the analytical results 
indicated that acetic acid was always the major component of total VFAs during the experiments, 
accounting for 53.95–77.06% in the MeDA digester samples and 36.62–69.95% in the TheDA 
digester samples. Furthermore, the proportion of individual VFA components occurred in the 
following order: acetic acid > propionic acid > butyric acid > other VFAs, which coincided with 
the results documented by Li et al. (2015). The pH values were monitored, and varied within the 
acceptable range (6.6–8.1), in both digesters during the course of this work. 
 
3.3. Renewable energy self-production potential 

Global demand for energy is increasing at a time when fossil energy sources are increasingly 
being depleted. This has important consequences and risks to humankind and the environment. 
Finding and exploiting alternative sustainable energy sources are challenges to achieving 
sustainable social development (Hosseini et al., 2015; Yu et al., 2016). It has been widely 



accepted that FW is a biomass resource with great potential for generating renewable energy 
through dry AD processes, although such processes have not been fully established and exploited 
(Pham et al., 2015), especially in South Korea. 
 
The influence of FW loading rate on daily energy yields and specific recoverable electrical 
energy during dry digestion under thermophilic and mesophilic conditions was estimated, as 
shown in Fig. 4. The median rate of daily energy yield and median specific recoverable electrical 
energy showed increasing tendencies, from 0.02 to 0.37 kW h/day and 0.20–0.93 MW h/ton FW, 
respectively, for the MeDA digester and from 0.02 to 0.39 kW h/day and 0.20–0.98 MW h/ton 
FW, respectively, for the TheDA digester, as the SLR (FW loading rate) increased from 2.3 to 
9.21 kg TS/m3 day (Fig. 4). Furthermore, the highest median daily energy yields occurred during 
P4, with 0.37 kW h/day (1.43 MJ/day) and 0.39 kW h/day (1.51 MJ/day) for the MeDA and 
TheDA digesters, respectively, which were 19.06-fold and 20.12-fold higher than that obtained 
during P1 (0.02 kW h/day or 0.08 MJ/day). This means that larger amounts of FW (organic 
matter) correspond to increased VS reduction, and renewable energy (biogas production) 
potential could be transformed better by dry AD under thermophilic conditions, compared to 
mesophilic conditions. For example, during P4, more than 14.8% extra biogas was recovered, and 
VS was reduced more than 10.4% under thermophilic conditions, compared with those under 
mesophilic conditions in the dry anaerobic digester. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Daily energy yields and specific recoverable electrical energy in the dry digesters under 
varying SLRs and either mesophilic or thermophilic conditions 

 



Total electrical energy required to maintain the daily operation of the MeDA digester and TheDA 
digester, was determined based on the sum of electrical energy consumed versus uptime of all 
electrical appliances used in each system. The results indicated that throughout the study periods, 
the total electrical energy required to maintain the operation of the digesters varied depending on 
the environmental temperature, which was in the range of 0.290–0.539 kW h/day for MeDA 
digester, and 0.683–0.965 kW h/day for TheDA digester. In addition, the specific energy 
requirement (MW h/ton of FW) per tons of treated FW is calculated using total electrical energy 
required for operating digesters, divided by the amount of food waste loaded into the digesters, 
with quantities in the range of 2.896–5.395 MW h/ton of FW (P1), 1.81–3.372 MW h/ton of FW 
(P2), 0.87–1.62 MW h/ton of FW (P3), and 0.724–1.349 MW h/ton of FW (P4), for MeDA 
digester, and 6.826–9.647 MW h/ton of FW (P1), 4.267–6.029 MW h/ton of FW (P2), 2.05–
2.897 MW h/ton of FW (P3), and 1.707–2.412 MW h/ton of FW (P4), for TheDA digester (Table 
S2). It was found that although TheDA digester was more suitable for biogas generation and VS 
reduction than a MeDA digester. However, in contrast, more energy was consumed in TheDA 
digester due to maintaining it at higher temperature. Furthermore, the specific energy requirement 
for FW treatment in both digesters was reduced, as the SLR increased. 
 
Rough estimates of the total yearly electricity that could be obtained from the biogas generated 
by using results obtained during P4 in this study, and total annual FW generation in South Korea, 
are shown in Fig. 5. Between 2003 and 2014, the large volume of FW generated in South Korea, 
from 4.2 to 5.5 million tons/year, corresponded to a total amount of electricity production that 
potentially could be recovered of 3.9–5.4 million MW h/year, if FW was treated using the 
proposed technology under mesophilic or thermophilic conditions. For example, by 2014, the 
total electrical energy potential derived/recovered from FW in South Korea was estimated as 4.66 
million MW h/year, which is equivalent to US$279.53 million per year, via the MeDA digester 
and 4.92 million MW h/year, which is equivalent to US$294.97 million per year, via the TheDA 
digester (Fig. 5). This means that higher electrical energy retrieval as well as greater economic 
benefits were realized from the dry AD process under thermophilic conditions, compared with the 
mesophilic conditions. Moreover, the results showed that recovering electrical energy from FW 
via these technologies has great potential and is expected to contribute significantly to clean 
electrical supply in South Korea. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Yearly FW generation in South Korea and estimates of the potential and economic value 

of recoverable electrical energy via the (a) MeDA digester and (b) TheDA digester 



Further evaluation revealed that the estimated electrical energy output produced from handling 
one ton of FW by the TheDA or MeDA digesters, at an HRT of 25 days, potentially could be 
enough to treat approximately 928 or 879 m3, respectively, of wastewater. According to Nguyen 
et al. (2014), the electrical energy demands of municipal wastewater treated by a membrane 
hybrid treatment system vary from 0.92 to 1.62 kW h/m3 (average of 1.06 kW h/m3). Thus, the 
generated renewable electrical energy from FW treated with this technology promises to be self-
produced, allowing treatment plants to be self-sufficient. 
 
Consequently, TheDA digestion of FW can be considered an urgently needed/promised ultimate 
solution, especially for the simultaneous benefits of renewable energy recovery from and mass 
volume reduction of FW in South Korea, both now and in the near future. 
 
4. Conclusions 

Dry AD processes were investigated for valorization of South Korean’s FW, with results 
demonstrating that this technological approach is effective and reliable. Raising the FW loading 
rate not only increased the VS reduction rate but also considerably increased renewable energy 
production, in both the thermophilic and mesophilic dry digesters. Both digesters were most 
effective during P4 (SLR: 9.21 ± 0.89 kg TS/m3 day) than the other phases, when the medians of 
the specific biogas production rate and VS reduction were 0.73 m3/kg VSfed and 80.98%, 
respectively, in the TheDA digester, which were higher than those in the MeDA digester by 14.8% 
and 10.4%, respectively. 
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