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Abstract 

Background Reducing energy consumption and greenhouse gas emissions is a crucial issue in the cassava starch 
processing industry. In this study, the integrated system combining livestock, cassava cultivation and cassava produc-
tion in the same area leads to both a zero emission goal and economic efficiency, a typical example of an effective 
agro-industrial symbiosis. A heat exchange/recovery system was applied including the economizer, heat exchanger 
tank, biogas tank, and boiler. The economizer attached to the boiler’s chimney transfers heat from exhaust gases 
for pre-heating feed water entering the boiler. The biogas tank recovers energy from the wastewater of starch produc-
tion and livestock, and the generated biogas was used as fuel for the boiler.

Results The energy and exergy efficiency, energy losses, and exergy destruction for the heat recovery system were 
analyzed. The specific energy consumption was used to evaluate the overall energy efficiency for a cassava starch 
factory with a capacity of 20 tons/day. The results show that there is a high potential to recycle waste into energy 
in the cassava starch industry. The total energy saving and reduced greenhouse gas emissions per year of the cassava 
starch factory were 0.054%/year and 123,564  kgCO2/per year, respectively.

Conclusions Cassava starch factories can save energy and reduce emissions when applying a heat recovery system 
in the integrated agro-industrial system. Excess heat from the production was used for evaporating (removal of )  NH3 
in wastewater flow from the biogas tank, and for heating the biogas system to enhance the efficiency of methane 
production. A biochar filter was attached to the economizer for adsorption of released ammonium, and the biochar 
after adsorption was combined with sludge from the biogas tank to produce a solid biofertilizer.

Keywords Cassava starch production, Specific energy consumption, Heat recovery system, Energy and exergy 
analysis, Integrated argo-industrial system

Background
Cassava is one of the main raw materials for starch pro-
duction widely grown in African and Asian countries. 
Except for the cost of raw cassava, energy accounts for a 
significant proportion of cassava starch production costs, 
including electricity for powering factory machinery, and 
biogas or heavy fuel oil for starch drying [1, 2]. Starch 
production from cassava is a major industry and source 
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of income in several tropical countries such as Thailand, 
Vietnam, Brazil and Colombia, with an average output of 
about 3–4 million tons per year [3, 4]. Wastewater from 
cassava starch processing contains waste starch, fibers, 
minerals, and cyanogenic compounds. This waste stream, 
despite being diluted in water, presents a significant 
concentration of organic matter and requires treatment 
before being discharged into nearby water sources [5, 6]. 
Behind the food, beverage, and tobacco industry sector, 
the native starch industry is the second most energy-con-
suming industry sector, consuming 13,201.7 ×  106  MJ/y 
[7]. Over 81% of energy was used in the starch plant 
including hot air (53%) and electricity (28%), and diesel 
used for crop production and transportation accounted 
for only 6% and 12%, respectively [8]. Cassava waste bio-
energy generation in cassava starch facilities using cas-
sava stems could mitigate various environmental impacts 
by 42–99% and can meet all energy demands of a cassava 
starch plant [9, 10]. The wastewater and bagasse from 
the cassava starch facility are anaerobically digested to 
produce biogas. The biogas produced meets the thermal 
energy needs for starch drying. In addition, there is a 
recovery of solid biofertilizer as well as water for reuse in 
the combined heat and power production, thus reducing 
the demand for freshwater by 66% [11, 12].

Management and energy control are important to 
improve energy efficiency in the production processes. 
Specific energy consumption is known as a management 
tool in sustainable energy development [13, 14]. Interna-
tional specific energy consumption standards are used as 
an energy performance indicator to evaluate the energy 
efficiency [15, 16]. Evaluation of the efficiency and opti-
mization of the operation of food industry waste disposal 
by using the specific energy consumption value [17], as 
well as the similar works with chilled, frozen and mixed 
grocery stores [18, 19], have shown a significant energy 
saving potential. In the cement industry, the specific 
energy consumption was used to determine the effi-
ciency of equipment, energy savings and to reduce  CO2 
emissions of the raw material grinding process [20, 21]. 
The specific energy consumption values were also used 
to compare the energy consumption at each stage of the 
cotton textile processing industry [22].

In industrial boilers, the waste heat is successfully 
recycled to recover latent heat from the exhaust gas to 
achieve greater efficiency and fewer emissions than tra-
ditional boilers [23–26]. However, the condensing water 
temperature must be lower than the flue gas temperature 
in the condensing boiler so that a more reasonable heat 
exchange regime will be achieved by the lower waste heat 
recovery temperature [27–30]. Understanding energy 
efficiency is important to improve industrial boilers and 
reduce energy losses and costs in the sugar production 

and drying industry [31–35]. The common principle of 
heat exchange in these systems is to enhance the differ-
ence between the cold source and the flue gas [27, 36]. 
If the air is heated to over 50  °C, the concentration of 
 NOx decreases from 33 to 24.6 ppm, then the reduction 
is about 25.4%. The heat recovery system achieves energy 
saving and emission reduction simultaneously [37, 38].

Waste heat recovery systems are an effective way to 
reuse waste energy to produce useful energy products, 
and these systems aid in the reduction of  CO2 emis-
sions and contribute to the achievement of improved 
environmental performance as well as the reduction of 
overall manufacturing costs of goods [39, 40]. Analysis of 
the economic viability of industrial waste heat recovery 
is essential because it determines the final adoption of 
energy efficiency measures. The existing industrial drying 
techniques consume 20–25% of the energy used in the 
food processing chain, and the overall thermal efficiency 
of the system increases by 8.46% when utilizing the waste 
heat recovered from a diesel engine exhaust flue gas [41, 
42].

In an integrated agriculture and small-scale indus-
try system, a biogas tank is a construction that converts 
organic waste into energy, and biogas is provided for 
household activities or as fuel for the production of hand-
icraft products. The treated wastewater from the biogas 
tank was used for planting in agriculture [43–45]. In the 
areas where there is drought and a shortage of water 
supply, the agro-based zero-emission integrated system 
(AZEIS) has brought a significant effect on wastewater 
treatment and recovering the main nutrients (such as N 
and P) for agricultural activities, saving cost and reducing 
inorganic fertilizers and water input for farms [46, 47]. 
In the authors’ previous studies, combining energy and 
environment has been shown to be effective when assess-
ing EEE (economic–environmental–energy efficiency) 
[49]. Integrated systems based on waste-to-energy con-
version can increase system efficiency by making use of 
indigenous natural materials and waste reuse/recycling. 
Recycling of waste can produce energy, fish feed, and fer-
tilizer, and it results in a decreased environmental impact 
of approximately 50% [44, 48].

There is a high demand on energy consumption in 
the cassava processing industry. In the world, produc-
ing 1000  kg of cassava starch requires approximately 
4400 kg of cassava roots, 10.9  m3 of water, 207.8 kWh of 
electricity, 1898 MJ of heat for drying the starch, 0.9 kg of 
chemicals, and 93.1  m3 of biogas necessary for heat and 
electricity generation [49]. In Thailand, high energy con-
sumption is used in the drying process; the average elec-
tricity consumption is 169.4 kWh/ton starch; the average 
fuel oil used is 31.5 kg/ton starch or about 1339 MJ/ton 
starch [50]. The data in the literature on cassava starch 
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production in Vietnam indicate that average electricity 
consumption is 608 MJ/ton product, and heat consump-
tion is 1033 MJ/ton product [51]. Tran et al. [3] compared 
the energy use of cassava starch production in Thailand, 
Vietnam and Colombia, and one large-scale and two 
small-scale factories were investigated. They found that a 
large-scale factory consumed approximately 2527 MJ/ton 
of both thermal and electrical energy, a small-scale fac-
tory consumed 212 MJ/ton for electrical energy, and the 
drying processes in the small-scale factory mostly relied 
on solar energy, which was estimated to 1361  MJ/ton. 
The difference in energy consumption between cassava 
starch factories depends on the technology selection and 
management in the cassava starch production process, 
amount of machinery, and waste and wastewater utiliza-
tion [52, 53]. In our work, we conducted environmental 
accounting work on 44 cassava processing factories in 
the Tay Ninh province, Southern Vietnam (120 km from 
Ho Chi Minh City, the most concentrated cassava culti-
vation area in the country). The production capacity is 
varied from 4–250 tones/day (100 tones/day on average), 
and the major products are dried starch, wet starch, and 
modified starch. The electricity consumption norm (per 
ton product) is 180–290 kWh/ton depending on the state 
of machinery, technology and operation mode.

From the above-mentioned information, and to the 
best of our knowledge, there is a research gap related 
with the development of specific energy consumption 
based on waste heat recovery systems, especially in the 
integrated cassava starch agro-industry. The previous 
works were concentrated mostly on heat recovery effi-
ciency from boilers by using independent heat exchange 
facilities with no connections to other waste treatment 
facilities. Moreover, there is no research data describ-
ing the relationship between pollution levels and specific 
energy consumption for the cassava starch processing 
industry. Thus, this work will focus on the development 
of specific energy consumption values based on energy 
demand for the production of one cassava starch prod-
uct unit when applying a heat recovery system. This 
specific energy consumption value is used to evaluate 
energy efficiency and greenhouse gas (GHG) emission 
reductions. The excess heat from the heat recovery sys-
tem will be supplied to the other treatment facilities in 
the waste treatment system of the factory with the pur-
pose of enhancing the treatment efficiency and energy 
savings. Furthermore, the cassava processing factories in 
the local area normally combine livestock and cultivation 
in the same area, forming an integrated system (cassava 
production–livestock–cassava cultivation). In our work, 
we recommend an integrated system based on material 
and energy exchange network among cassava fields (sup-
plying cassava raw material), livestock farms, cassava 

starch processing factories, heat recovery systems (within 
cassava starch processing factories), and wastewater 
treatment plants (for treating wastewaters from the pro-
duction process and livestock). The integrated system 
will lead to both zero emission goals and economic effi-
ciency, a typical example of an agro-industrial symbiosis.

Methodology
Case study description
This study investigates the production of tapioca starch 
from fresh cassava roots at the Hong hat Company in the 
TayNinh province, Vietnam. The production capacity of 
the factory reaches 1.6 tons/h (about 20 tons/per day, 
or 600 tones/per month on average). The main produc-
tion system includes equipment such as dryers, grind-
ers, fans, pumps, and boilers. The company has a cassava 
cultivation field at the same location covering an area of 
6 ha (60,000  m2), an average yield of about 20–28 tones/
ha/year, which requires a demand of organic fertilizer of 
5–7 tones/ha/year. A small pig farm (about 40–50 mature 
pigs) is located next to the factory/field, producing about 
100  kg pig manure per day. The quantity of wastewater 
from the cassava starch factory depends on the season 
and capacity of production (as displayed later in Table 4). 
The minimum amount of wastewater generated from the 
starch processing factory and a small livestock farm are 
3,840  m3/day and 0.8  m3/day, respectively. Some photos 
were made at the main places in the farm-factory inte-
grated system (Fig. 1), and at each technology step in the 
plant’s production site (Fig. 2). The starch processing fac-
tory has its own raw material area, in addition to being 
purchased from nearby households. The small livestock 
farm is an independent farm of the same owner (house-
hold), which is located next to the factory’s site. The by-
products from the starch production at the factory are 
often used as supplementary food for pigs.

More details on the production technology and heat 
exchange system are described in Fig. 3 and “Description 
of production and heat recovery system” section.

Description of production and heat recovery system
The cassava starch production system presented in Figs. 2 
and 3 (left side of the figures) includes the following steps: 
(1) washing the roots, as well as partial or complete peel-
ing; (2) grinding the roots into a pulp; (3) the extraction 
and separation of the lignocellulosic fibers (pulp) from the 
free starch with liberal amounts of water; (4) sedimenta-
tion for removing soluble contaminants (proteins, etc.) 
from the starch; (5) dewatering: mechanical removal of 
water by sedimentation; (6) drying the starch to the final 
moisture of 12–13% (wwb, wet weight basis) in order to 
inhibit microbially growth and ensure extended shelf life.
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The heat exchange system is depicted in Fig.  3 (right 
side), and the recovery solutions (red blocks), including 
the economizer, heat exchanger tank, biogas tank, and 
sludge drying yard, were new components added to the 
system as suggested by the research team when working 
with the company’s owner, with the purpose to improve 
energy efficiency of the whole system. A simple energy-
saving/recovery device for boilers called the “economizer” 
was proposed and applied to the production system. This 
device is responsible for taking advantage of waste heat 
generated from the boiler exhaust to heat the boiler’s 
feedwater instead of supplying cold water to the boiler 
as before. The economizer is installed in the chimney of 
boiler, where the exhaust gas passes through the pipes car-
rying the feed water, resulting in heating feed water. The 

feed water temperature was therefore increased from 30 
to 100 °C, inducing some advantages such as saving energy 
consumption and reducing thermal shock [54, 55]. The 
recovery efficiency of biogas from the cassava starch pro-
cessing wastewater is very low because of the low nitro-
gen concentration and rapid acidification (low pH) in the 
wastewater. Wastewater from the pig farm generally con-
tributes to higher  CH4 production when the digestion cou-
pling with cassava wastewater, likely due to the lower C:N 
value of combined wastewater. Thus, the anaerobic system 
was applied to recover biogas from the wastewater of the 
starch processing process and the pig farm, and the biogas 
generated was used later as a fuel for the boiler at the dry-
ing stage. Wastewater from the biogas tank is pumped 
into the heat exchanger tank through which the exhaust 

Fig. 1 Main places in the farms–factory integrated system. a Cassava input flow, b drying system, c cassava cultivation farm, and d pig farm
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gas from the boiler also passes. In a device with high 
temperature (70–80  °C), several processes are happening 
simultaneously:  NH3 from the wastewater flow is evapo-
rated, phosphorus from the wastewater flow is absorbed 
by the fly ash from the boiler’s gas under struvite precipi-
tation, and dust and  SO2 from the boiler’s exhaust gas are 
absorbed in the wastewater flow. Wastewater, after passing 
through this absorption procedure, has decreased concen-
trations of nitrogen and phosphorus (nitrogen concentra-
tion was decreased by 70–90%). The gas stream coming 
out from the heat exchanger tank contains  NH3 and is 
then directed to absorption by a biochar filter. In order to 
detect ammonia escaping from the biochar filter, the JIS K 
0099:2004 method was used. Biochar after adsorption was 
combined with sludge from the biogas tank to produce a 
solid biofertilizer which was used later for the cassava cul-
tivation field.

Energy efficiency and exergy analysis of a heat recovery 
system
Exergy and energy analysis are often considered in the 
management of energy resources, they provide useful 
information for the managers and decision-makers in 
prioritizing the improvement potential [56]. In this study, 
energy and exergy efficiency, energy losses, and exergy 
destruction for a heat recovery system were analyzed. 
The energy used by the boiler was optimized by con-
trolling the excess air and waste heat from the exhaust 
gas to heat feedwater before supplying it to the boiler 
[57]. In order to establish the energy balance formulas 
for the heat recovery system, the main energy flows are 
described in detail in Fig. 4. The principles for estimating 
energy efficiency (η) and exergy (ψ) are based on the fol-
lowing equation (Eq. 1).

Fig. 2 Main technology steps at the factory’s production site



Page 6 of 16Van Giau et al. Energy, Sustainability and Society           (2024) 14:43 

Energy balance in the heat recovery system

where ma = mass flow rate for air (kg/s); mf = biogas 
flow rate (kg/s); mp = flow rate of heat products (kg/s); 

(1)
dEsystem

dt
= Ein − Eout

= (mfhf + maha)+ mphp −mghg

+mwhw −mshs)+ (mw(hc.water − hh.water)

+mgas1(hgas1 − ho.gas)

+ mgas2(hgas2 − hg.out)

+mw.water(hw.water − hw.out)),

mg = flow rate of flue gas (kg/s); mw = flow rate of water 
(kg/s); ms = flow rate of steam (kg/s); mgas1 = flow rate of 
flue gas entering economizer (kg/s); mgas2 = flow rate of 
flue gas entering exchanger tank (kg/s); mw.water = flow 
rate of wastewater (kg/s) (assumed that mp = mg = mH, 
mw = ms = mC and mg = mgas1 + mgas2); hf = enthalpy of 
biogas fuel (kJ/kg); ha = specific enthalpy of air (kJ/kg); 
hp = specific enthalpy of hot products from combustion 
(kJ/kg); hc.water = specific enthalpy of cold water (kJ/kg); 
hh.water = specific enthalpy of hot water (kJ/kg); hgas1 = spe-
cific enthalpy of flue gas entering economizer (kJ/kg); 
hgas2 = specific enthalpy of flue gas entering exchanger 
tank (kJ/kg); ho.gas = specific enthalpy of outlet gas from 
economizer (kJ/kg); hgas2 = specific enthalpy of gas leav-
ing the exchanger tank (kJ/kg); hw.water = specific enthalpy 

Fig. 3 Description of production and heat recovery system under study



Page 7 of 16Van Giau et al. Energy, Sustainability and Society           (2024) 14:43  

of wastewater (kJ/kg); hw.out = specific enthalpy of out-
let wastewater (kJ/kg); hg = enthalpy of flue gas (kJ/kg); 
 hw = specific enthalpy of water (kJ/kg); hs = specific 
enthalpy of steam (kJ/kg).

The energy efficiency of the boiler (ηboiler, %), econo-
mizer (ηeconomize, %) and exchanger tank (ηexchanger, %) are 
calculated using the following formulas:

Exergy balance in the heat recovery system

(2)ηboiler =
mc(hs − hw)

mfhf +mbhb
× 100,

(3)ηeconomizer =
mw(hh.water − hc.water)

mgas1.hgas1
× 100,

(4)ηexchanger =
mw.water(hw.out − hw.water)

mgas2.hgas2
× 100.

(5)
IHRS = Icombustor + Iheat.exchanger + Ieconomizer + Iexchanger.tank

=

∑

(mfεf +maεa)+
∑

(

mpεp −mgεg +mwεw −msεs
)

+

∑

(

mw(εc.water − εh.water)+mgas1

(

εgas1 − εo.gas
))

+

∑

(

mgas2

(

εgas2 − εg.out
)

+mw.water(εw.water − εw.out)
)

,

 where IHRS, Icombustor, Ieconomizer, Iheat.exchanger, and Iexchanger.

tank are exergy destruction of heat recovery system, com-
bustor, economizer, heat exchanger and exchanger tank, 
respectively (all in kJ/s); Ɛa = exergy of air; Ɛf = exergy of 
biogas fuel; Ɛp = exergy of products; Ɛg = exergy of flue 
gas; Ɛs = exergy of steam; Ɛc.water = exergy of cold water; 
Ɛh.water = exergy of warm water; Ɛgas1 = exergy of flue gas 
entering economizer; Ɛgas2 = exergy of flue gas entering 
exchanger tank; Ɛo.gas = exergy of outlet gas from econo-
mizer; Ɛg.out = exergy of outlet gas from exchanger tank; 
Ɛw.water = exergy of wastewater; Ɛw.out = exergy of wastewa-
ter from exchanger tank.

The exergy efficiency of the boiler (ψBoiler, %), economizer 
(ψEconomizer, %) and exchanger tank (ψExchanger, %) are calcu-
lated using the following formulas:

Waste heat recovery from flue gas by using economizer
The economizer is an important device in the heat recov-
ery system; the efficiency of the economizer affects the 

(6)ψBoiler =
mc(εs − εw)

mfεf +mbhb
× 100,

(7)ψEconomizer =
mw(εh.water − εc.water)

mgas1.hgas1
× 100,

(8)ψExchanger =
mw.water(εw.out − εw.water)

mgas2.hgas2
× 100.

Fig. 4 Schematic diagram of the material-energy flows within the boiler and heat recovery system
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heat recovery efficiency of the whole system. The econ-
omizer is equipment used to recover waste heat from 
exhaust gases including horizontal tubes and it can be 
characterized as bare pipes and extended surfaces [24, 66, 
67]. Total annual energy savings (TAESHR) when using 
the economizer is estimated by using Eq. 9:

The increasing percentage in the thermal efficiency of 
the system is due to the installation of an economizer, 
which can be calculated from the following Eq. 10:

where  TAESHR = total annual energy saving of heat recov-
ery system (kWh/year); %Bth = increasing percentage in 
the thermal efficiency of boiler due to economizer (%); 
 AECkWh = annual energy (electric and biogas) consump-
tion of cassava processing (kWh/year); %fg = percentage 
of heat losses in flue gas (%fg = 18) [68]; %HR = efficiency 
of heat recovery systems (%HR = 30).

Calculation of total specific energy consumption (SEC) 
and  CO2 emissions
In this study, the energy efficiency of the cassava starch 
processing factory was evaluated by specific energy con-
sumption.  CO2 emissions from cassava starch production 
were determined by estimating the energy consump-
tion of the drying process and emission reductions after 
applying a heat recovery system. The specific energy 
consumption was calculated by considering the total 
energy consumption of thermal drying (including elec-
tricity and biogas producing the products for the boiler) 
in 12  months, consequently, the optimal condition was 
determined for the specific energy consumption. The 
specific energy consumption was calculated by the ratio 
of the used energy divided by the product as follows 
(Eq. 11) [22, 69]:

where Eit = quantity of energy source i used during period 
t (GJ); Pt = quantity of production during period t (tone); 
 Ebiogas: energy from biogas (GJ); Eelectric: energy from elec-
tric consumption (GJ).

The GHG emissions of the cassava starch production 
system was assessed according to the energy inventory 
guidelines of the Intergovernmental Panel on Climate 
Change (IPCC), and the calculation of  CO2 emission fac-
tors is based on IPCC guidelines in Vol 2, Chap 2 [70]. 
In this study, the emission factor of electricity consump-
tion for Vietnam’s national grid, issued by the Vietnamese 

(9)TAESHR = AECKWh × % fg × % HR.

(10)%Bth=
TAESHR

AECKWh
,

(11)SEC =

∫

Eit dt
∫

Ptdt
=

∑

(EBiogas + Eelectric)

Pt
,

Government in 2020, was applied [71]. The formula for 
estimating GHG emissions from electricity and used fuel 
is as follows (Eq. 12):

where  CO2(emission) = emissions of a given greenhouse 
gas  (CO2) by type of fuel  (kgCO2); Nfuel = amount of fuel 
combusted (TJ);  EFfuel = default emissions factor of a 
given greenhouse gas by type of fuel  (kgCO2/TJ).

Reuse of treated wastewater and production of solid 
biofertilizer
As illustrated in Figs.  2 and 3, the livestock wastewater 
from the pig farm was led to the biogas tank together with 
a part of the wastewater flow from the cassava produc-
tion. The livestock wastewater contains high nitrogen (N) 
while wastewater from cassava starch production con-
tains high suspended solids (SS). After leaving the biogas 
tank, the wastewater will enter into the heat exchanger 
tank for heating to remove  NH3 before entering into the 
wastewater treatment plant of the factory. The treated 
wastewater meets the national standard for water used 
in cassava cultivation. The waste sludge from the biogas 
tank was dried by using excess heat (600–700 °C) or dried 
naturally by sunlight (30–35 °C). The content of nutrients 
(N–P–K) in dried sludge is estimated to be comparable to 
that in wet sludge from a biogas tank [72, 73]. This quan-
tity of organic fertilizer was used for fertilizing the cas-
sava farm (2 times/year).

Results
Energy and exergy efficiency of the heat recovery system
The input energy of the combustor is estimated by 
using Eq.  1, and the data are taken from Table  1. Since 
the boiler has an adiabatic combustor and the specific 
enthalpy of the fuel, hf, is evaluated such that it is equal to 
the higher heating value (HHV = 15,986 kJ/m3), the effi-
ciency is always 100%. Therefore, the energy input in the 
boiler system is 10,230.9 (kJ/s) with an efficiency of 100%. 
This means that all the energy input is being sent to the 
heat exchanger and there is no heat loss to the environ-
ment. The exergy destruction of the combustion chamber 
is calculated using Eq. 6. Assuming that the combustion 
chamber operates in a steady flow process since there is 
no change in the process with time at any point, there are 
no work interactions involved and the kinetic and poten-
tial energies are negligible.

Using Eq. 6 and the data in Table 1, exergy destruction 
has been calculated to be 7,818,814.5 kJ/h (2171.9 kJ/s), 
and these data are comparable to the work of [74]. Fig-
ure  5 shows the exergy flow in the combustor system. 
Exergy efficiency for the combustor of the boiler is esti-
mated by using Eq. 6, and the exergy destruction of the 

(12)CO2 (emissions) = Nfuel × EFfuel ,
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combustion chamber is 2171.9 kJ/s, with 65% efficiency. 
The exergy destruction is relatively low because of com-
plete combustion.

As discussed above, the heat loss from the system in 
the heat exchanger was calculated by using Eq.  5 and 
data from Table  1, and the results show that the heat 
loss from the heat exchanger was 64,714,230.3  kJ/h 
(17,976.2  kJ/s, which is similarly as indicated in the 
work of [28]. Furthermore, the exergy-based efficiency 
for the heat exchanger of the boiler was estimated by 
using Eq. 2. When the environment inside the boiler is 
not stable (i.e., there are changes/fluctuations in tem-
perature, pressure, and water quality), the entropy is 
higher and the exergy is lower. The exergy efficiency of 
the heat exchanger in terms of using the heat product 
from the combustion chamber was found to be 54.3%.

The specific heat capacity does not change signifi-
cantly with the low range of temperature changes. 
Exergy destruction was taken place because of the tem-
perature difference between cold and hot streams. The 
exergy destruction of the heat exchanger was calculated 
by using Eq.  6 and the data from Table  1. The exergy 
destruction in the heat exchanger during the heat 
transfer process was 13,168,051.6  kJ/h (3657.8  kJ/s), 
which is similar to the study of [57]. The exergy effi-
ciency of heat exchangers may be considered as a quan-
titative measure of the exergy exchange between cold 
and hot streams. Figure 6 shows the exergy flow in the 
heat exchanger together with related data, exergy effi-
ciency for the heat exchanger of the boiler was 41.2%.

Table 1 Technical data used for energy and exergy analysis

*Data adapted from [57–65]

Components Mass flow rate Temperature Enthalpy* Entropy*
(kg/h) (oC) (kJ/kg) (kJ/kgoC)

Boiler

Air, ma 13,786.1 135.3 400.98 1.9919

Biogas fuel, mf 2023.1 2192 15,473.2 1.7

Hot products, mp 12,745.3 250 3504 6.5

Water, mw 10,000 96.9 104.67 1.307

Steam, ms 10,000 355 2604 6.6

Flue gas, mg 13,765.3 233 361.44 1.9

Economizer

Cold water, mc.water 9000 95.5 105.9 1.9

Flue gas, mgas1 7893.30 233 286.3 1.6

Warm water, mh.water 9000 123 250 2.1

Outlet gas, mo.gas 6973.60 136 120.6 1.5

Heat exchanger tank

Wastewater, mw.water 8000 96 106.3 1.7

Flue gas, mgas2 5872 136 361.44 1.95

Wastewater out, mw.out 8000 95.5 230 1.5

Exhaust gas, mg.out 4956 142 98.3 9

10,230.9

2,171.9 

8,059 

Fig. 5 Exergy flow in the combustor system

8,315.3 

Fig. 6 Exergy flow in heat exchanger
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The results of the energy and exergy analysis are sum-
marized in Table 2 (obtained from the calculations using 
Eqs. 1–8). The result showed the overall energy consump-
tion of the boiler was rather high (28,207.1  kJ/s) due to 
its function in creating heat and steam. The destruction 
of exergy in the boiler is also relatively high (5829.7 kJ/s), 
and these data are comparable to the work of [74]. The 
heat exchanger in the boiler contributes a greater amount 
of exergy destruction than that in the combustor. The 
destruction of the exergy and the change of the exergy 
efficiency of the heat exchanger depend on the tempera-
ture of the two hot and cold streams, the different water 
flow rates and the initial temperature from the combus-
tor, which is comparable to the work of [75]. With the 
available existing technology of heat engines and respec-
tive fuel at the local company, the use of excess heat from 
the boiler exhaust is a very useful, and is practically the 
only way for pre-heating the feed water entering the 
boiler [76, 77].

The energy and exergy balances of the system can be 
estimated by using Eqs.  (1) and (5). Boiler efficiency 
has a great influence on heating-related energy savings. 
The results show that the energy efficiency and exergy 
efficiency of the heat recovery system are 79.56% and 
30.33%, respectively (Table  2). These energy and exergy 
efficiencies are not only based on the input-specific heat 
energy of the steam but also on the heat value of the fuel 
and the losses resulting from incomplete combustion 
[65]. However, efficiencies and loss based on exergy pro-
vide measures that approach the ideal conditions or devi-
ations from the ideal state. Analysis of the overall exergy 
efficiency of the boiler is relatively low which means that 
there are opportunities to improve the efficiency of heat 
exchangers.

Energy saving and emission reduction when using 
an economizer
The total annual energy savings when using economizers 
to reuse waste heat from industrial boilers was estimated 
by using Eq. (9) and data taken from Table 4. The results 
show that energy savings by using economizers were 
136,852.75 kWh/year (492.67 GJ/year). The percentage 
of the heat recovery of economizer can be calculated fol-
lowing Eq.  (10). The results show that the economizer 
can save energy consumption up to 0.054%/year. Table 3 
presents the emission reduction when using the econo-
mizer. The use of an economizer for pre-heating feed 
water entering the boiler gives various benefits such as 
reduction of operating costs for boilers, saving of energy 
consumption, and reduction of GHG emissions into the 
environment. The economizer can save biogas for burn-
ing which leads to reducing  CO2 emissions up to 123,564 
 kgCO2/year. These results are comparable to the work of 

[29, 57], and applying an economizer for heat exchange 
of the boiler could save energy consumption and fuel of 
2,529 MWh and 190.51 MJ/h, respectively.

SEC and GHG emissions from energy consumption
Specific energy consumption of cassava starch production
Table  4 shows the monthly production, energy consump-
tion (from electricity and biogas), and the specific energy 
consumption at the cassava starch factory of the Hong 
Phat Company. The results show that the higher the pro-
ductivity of energy consumption, the lower the SEC. The 
maximum, minimum, and average of the specific energy 
consumption values were 0.968, 0.939 and 0.925 GJ/tons, 
respectively. The average of the specific energy consump-
tion value depends on the used fuel, the manufacturing 
process, and the energy consumption of the machine [22, 
69]. The cassava starch production every month induces 
different effects on the specific energy consumption, 
likely due to the seasonal characteristics of cassava, as 
the cassava plant is normally harvested from September 
to December each year to get the highest starch content. 
However, with the average specific energy consumption 
of Hong Phat Company at 0.925 GJ/tons, while the drying 
energy used for 200 t starch/day flash dryers according to 
the work of [3] was 9.0 GJ/tons, the difference is mainly 
due to the drying technology being applied at Hong Phat 
Company which consumes more energy. Therefore, the 
SEC value reflects the current state of energy consump-
tion of the plant, which is shown in Table  4 and Fig.  7. 
During the 3 months (Jun–Sep/2021) when fresh cassava 
was harvested, the SEC value was relatively high due to 
the increased production of cassava starch. Energy sav-
ings for the cassava starch processing factory can be 
reduced by adopting a heat recovery system for the dry-
ing process. As a result, the SEC value will be reduced 
and production will be increased. 

Greenhouse gas emissions from energy consumption
Table  5 shows GHG emissions during the working 

operation of the company in 2021. Total  CO2 emissions 
were 9,306,933.72  kgCO2/year, in which  CO2 emissions 
from electricity are higher than biogas. Thus, the use of 
biogas for the boiler to dry cassava starch could reduce 
 CO2 emissions into the environment.

The efficiency of removal and recovery of nutrients
Wastewater samples were taken and analyzed to evaluate 
the efficiency of the wastewater treatment system in this 
study. The small livestock farm under study with about 
40 pigs currently does not have a wastewater treatment 
system. In addition, the current wastewater treatment 
system of the starch processing factory is not working 
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efficiently. If not mixing wastewater from pig farming and 
applying a heat recovery system, the Hong Phat Compa-
ny’s wastewater treatment plant discharged into the envi-
ronment higher levels of COD,  BOD5, and TSS than the 
permitted local standards for industrial wastewater (4.1, 
3.1, and 5.4 times higher, respectively). Furthermore, the 
local livestock farm was attached to cassava farming area 
and near the cassava factory’s site, this is the typical dis-
tribution of integrated systems in the local area. In this 
integrated system, cassava starch production wastewater 
combined with pig farming wastewater has a high value 
of total N (350  mg/L), COD (4621  mgO2/L), and  BOD5 
(3650  mgO2/L). The pH of the wastewater is raised to 
about 6.5 which is a suitable value for processing in the 
biogas tank, and these data are comparable to the work 
of [46]. After coming out of the biogas tank, the organic 
contents in the wastewater are significantly reduced 
 (BOD5 by 70%) and, after leaving the heat exchange tank 

(to evaporate the  NH3 in the wastewater, and remove 
the pollutants in the exhaust gas from the boiler), the N, 
BOD and COD contents are all reduced. The concentra-
tions of N, COD and  BOD5 after the wastewater treat-
ment system of the Hong Phat Company are 70.6; 116; 35 
 (mgO2/L), respectively, and meet the local standards for 
industrial wastewater. Therefore, this heat exchanger sys-
tem plays a prominent role in both wastewater and flue 
gas treatment processes. Treating sludge from the biogas 
tank to recover solid biofertilizer (80% DM) and reusing 
treated wastewater to grow cassava (as shown in Fig. 4) 
helps the farm to reduce the use of chemical fertilizers, 
electricity, and fresh water. Waste sludge from the biogas 
tank is dried naturally under the sunlight (30–35  °C). 
It is estimated that the amount of biofertilizer supplied 
to the cassava farm is about 12 tons/year while the cur-
rent demand is 7 tons/year. Besides, the reuse of treated 
wastewater reduces the demand for freshwater by 68% 
for the cassava farm, corresponding to a 59.3% reduction 
in the total electricity consumption (similarly as indi-
cated in [5, 11]).

Conclusion
The results from this study provide an insight into the 
viability of waste material recoveries from livestock, cas-
sava cultivation and cassava production for co-conver-
sion to bioenergy, biofertilizer, as well as treated water 
for self-use in the system. The paper presents the results 
obtained from SEC calculation based on actual data 
investigation at the factory for assessing energy-saving 

Table 3 Emission reduction when using the economizer in the 
system

*N(TJ) = TAESHR (GJ) × 0.001

Total annual energy saving 
of heat recovery  (TAESHR)

Nfuel EFfuel CO2(reduction)

(TJ) (kgCO2/TJ) (kgCO2)

Electricity
(485.7214 GJ)

0.4857* 253,611.11 123,184.33

Biogas
(6.9485 GJ)

0.0069* 54,600 379.39

Total emission (kg  CO2/year) 123,564

Table 4 Total energy consumption and SEC values of cassava starch production

(GJ) = [a(kWh) × 3.6 ×  10–3] + [b(m3) × 23.4 MJ/m3 × 0.001]

(e): Emissions of electric network in Vietnam is 0.9130  (tCO2/MWh) = 253,611.11(kgCO2/TJ) [71]

(n): Emission of fuel follow IPCC [70]

With heat value of biogas of 23.4 MJ/m3

Month Cassava  starch(e) Electric  consumption(a) Biogas  consumption(b) Total energy 
 consumption(n)

SEC

(Tone) (kWh) (m3) (GJ) (GJ/tone)

Jan 770 196,778 265 714.60 0.928

Feb 245 62,611 408 234.95 0.959

Mar 240 61,333 366 229.36 0.956

Apr 761 194,478 597 714.09 0.938

May 1110 283,667 522 1033.41 0.931

Jun 269 68,744 550 260.35 0.968

Jul 1050 268,333 430 976.06 0.930

Aug 1316 336,311 399 1220.06 0.927

Sep 1343 343,211 308 1242.77 0.925

Oct 765 195,500 495 715.38 0.935

Nov 911 232,811 566 851.36 0.935

Dec 997 254,789 593 931.12 0.934

Total 9777 2,498,567 5499 9124 –
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and reduction of GHG emissions. The results show that 
the highest, lowest and medium SEC values are 0.968 GJ/
ton, 0.925 GJ/ton, and 0.939 GJ/ton, meaning that the 
lower the SEC values, the lower the energy efficiency of 
the system, and vice versa. The overall energy consump-
tion of the boiler is relatively high (28,207.1  kJ/s), and 
the destruction of exergy in the boiler is also relatively 

high (5829.7  kJ/s), and the heat exchanger in the boiler 
contributes a greater amount of exergy destruction than 
that in the combustor. In addition, the energy efficiency 
and exergy capability of the boilers are 79.9% and 30.5%, 
respectively. The use of economizers reduces operat-
ing costs for boilers, saving 0.054% per year on energy 
consumption. The investment cost for the economizer 
is about 800,000,000 VNĐ (~ 34,058.48$), with an esti-
mated payback period with energy savings at 0.63  year 
(~ 7 to 8  months). The applied system helps to reduce 
GHG emissions by reducing the use of energy from elec-
tricity and fuel, causing  CO2 emission to be reduced by 
123,564  kgCO2/year. The advantages of the integrated 
system combining cassava cultivation, cassava produc-
tion and livestock were also indicated, with one of the 
aspects being the use of excess heat from the cassava pro-
duction for evaporating a  NH3 in wastewater flow from 
the biogas tank, as well as for enhancing the efficiency 
of methane production in this biogas tank. In this way, 
the treatment of livestock wastewater, which normally 
contains high  NH3 concentration, is more effective. 

Fig. 7 Cassava starch products and SEC values when applying a heat recovery system

Table 5 Greenhouse gas emissions  (CO2) of cassava starch 
production

(*):  Nelectric(TJ) = TE (kWh) × 3.6 ×  10–6

(**):  Nfuel(TJ) = TB  (m3) × 23.4 MJ/m3 × 0.001

(e): Emissions of electric network in Vietnam is 0.9130  (tCO2/
MWh) = 253,611.11(kgCO2/TJ) [71]

(n): Emission of fuel follow IPCC [70]

Total energy consumption Nfuel EFfuel CO2(emission)

(TJ) (kgCO2/TJ) (kgCO2)

Electric (TE) 8.99484(*) 253,611.11(e) 2,281,191.36

Biogas (TB) 128.67 (**) 54,600(n) 7,025,742

Total emission (kg  CO2/year) 9,306,933.72
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Moreover, the production of solid biofertilizer based on 
the mixing of waste biochar material and sludge from the 
biogas tank was used later for cassava cultivation pur-
poses, which is another aspect showing the advantage of 
the integrated system under study.
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