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Over the last decade, energy prices in China have risen dramatically. At the same time, extensive use of
coal fired energy provision systems in industry has led to serious environmental and economic problems
translating to an economic damage of an estimated 10% of the Gross Domestic Product. This has led to
increasing awareness in the process industries of the need to save energy whilst replacing conventional
energy sources with renewable ones.
An energy audit was conducted for a soy sauce production facility in Beijing, which aimed to reduce its

thermal energy demand through process intensification and to integrate renewable energy. Their current
supply of thermal energy came directly from a district steam network, which was both directly consumed
and downgraded via heat exchangers. It was determined that the best two solar integration locations
would be in the pre-heating/mixing of raw ingredients to 60 �C and the subsequent direct steaming of
the mixture to 120 �C.
Three different systems for supplementing steam were investigated: (1) a traditional solar thermal

heating system; (2) a system consisting of mono crystalline photovoltaic panels coupled with either a
resistance heater or electric steam generator; and (3) a cascading system consisting of two types of solar
thermal collectors, photovoltaic panels, and an electric steam generator. Comparisons of systems 1 and 2
were made for the heating of mixing water, and systems 1, 2, and 3 for saturated steam generation.
Results showed that for the heating of process water, flat plate solar collectors performed best with an

estimated 20 year Levelised Cost of Energy of 0.063 €/kW h. Steam generation was most cost effective
with a cascade system of photovoltaic and flat plate collectors, with an estimated 20 year Levelised
Cost of Energy of 0.145 €/kW h. The model predicts that integration of this technology would lead to a
reduction of 14% in heating utility demand.
� 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In 2011 China was the largest energy user in the world with a
total consumption of 12,275 million tons of oil equivalent (21% of
the world’s energy use). Due to its rapid economic growth, the
energy use has increased by more than 150% in the last decade
[1], which has increased pressure on energy production. China’s
industrial sector accounts for almost 50% of the Gross Domestic
Product (GDP) and for around 70% of the country’s energy use
[2]. The industrial sectors contribute more than 82% to the overall
national emissions [3].

Coal and oil account for 70% and 18% respectively of the total
primary energy consumption. Renewable energy sources currently
only deliver 6.7% in total, of which Hydroelectric covers 6% [4].
China’s coal consumption, on the other hand, has increased by
200% in the past decade. The extensive use of coal, and in many
cases very old technologies in the power plants and boiler houses,
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Nomenclature

Abbreviations
CPC compound parabolic collector
CNY Chinese Yuan
DHI diffuse horizontal irradiation
DNI direct normal irradiation
DR depreciation rate
EEM energy efficiency measure
ETC evacuated tube collector
F&D Food and Drink
FPC flat plate collector
FYP National Economic and Social Development Five Year

Plan
GDP Gross Domestic Product
GHP gross heat production
IAM incident angle modifier
IEA International Energy Agency
LCOE Levelised Cost of Energy
NPV Net Present Value
NREL National Renewable Energy Laboratory
O&M operation and maintenance
PTC parabolic trough collector
PV photovoltaic
SCU standard coal unit
SD system degradation rate
SME small and medium-sized enterprise
ST solar thermal
UO unit operation

Symbols
a1 linear thermal loss coefficient (W/m2 K)
a2 quadratic thermal loss coefficient (W/m2 K2)
A area (m2)
Area solar system surface area (m2)
Cost cost of the solar field
cp specific heat capacity (kJ/kg K)
d day
D energy demand (kW h/day)
h hour
H solar irradiation (kW h/m2 h)
k thermal conductivity (kW/m K)
l length (m)
L project lifetime (a)
m mass (kg)
p peak
_q heat transmission (kW/m2)
Q energy demand (kW h)
_Q solar energy yield (kW h/h)
r radius (m)
RCU relative cost per unit (%)
REC relative energy consumption per unit (%)
RSS Ratio Soy Sauce (%)
RV Ratio Vinegar (%)
s thickness of layer (m)
S highest specific solar collector daily yield (kW h/m2), i.e.

‘‘Good Solar Day”
SEC Specific Total Energy Consumption (tcoal,equ/tproduct)
SSD Specific Steam Demand (t/t)
SWD specific water demand (m3

water/m3
product)

t time (s)

V volume (m3)
W moisture content (%)
�Y annual specific collector yield (kW h/m2 a))
Yield annual energy yield for solar system (kW h/a)
Dhe heat of evaporation (kJ/kg)
a heat transfer coefficient (W/(m2 K))
k thermal conductivity (W/(m K)
g efficiency
# temperature (�C)
q density (kg/m3)
p ratio of a circle’s circumference and diameter (3.14159)
D difference
h solar beam incident angle (�)

Subscripts
1 peak hot water demand
2 peak steam demand
a, amb ambient
Area panel area (m2)
b bottom
conc concrete
cond condensation
dem demand
e evaporation
equ equivalent
ga gas
gl glass
h heating
in inside
Ins insulation
l loss
li liquid
mix mixture
O optical
out outside
PV photovoltaic
r recovery
s steel
sb soy bran
so solid
ss soy sauce
st steam
ST solar thermal
sys system
t direct and diffuse irradiation
t top
tr transient
v vat
w water
wa waste
wb wheat bran
wg wheat grain
wh waste heat

Superscripts
PV photovoltaic
ST solar thermal

1296 B. Sturm et al. / Energy Conversion and Management 106 (2015) 1295–1308
has led to serious environmental and economic problems translat-
ing to an economic damage of an estimated 10% of the GDP [5]. The
Chinese government has addressed this issue through the Renew-
able Energy Law, passed in February 2005 [6]. The Chinese govern-
ment has been investing heavily in renewable energy, in an effort
to lower China’s dependence on coal. With 133 GW of renewable
energy technologies installed, China had the largest renewable
capacity in the world in 2011.
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In 2014, the Chinese national GDP reached a level of 63,600 bil-
lion Chinese Yuan (CNY), an increase of 7.4% compared to the pre-
vious year. However the increase rate was 0.1% lower than
predicted [7]. The GDP increase rate in 31 provinces is generally
declining. Guandong province is leading the ranking among all
provinces, having generated around 6780 billion Yuan in 2014,
followed by Jiansu province contributing 6510 billion Yuan to the
overall GDP. 8 provinces or municipalities have joined the ‘per
capita GDP 10,000 US dollars’ Club: Beijin, Tianjin, Shanghai,
Zhejian, Jiansu, Inner Mongolia, with Guandong and Fujian joining
in 2014. Beijing’s GDP reached 2133 billion Yuan, an increase of
7.3% compared with the previous year. Beijing is the most repre-
sentative city in experiencing rapid urbanization and economic
growth, accelerated changes in technology, as well as increasing
energy consumption and carbon emissions. In 2010, the total
energy consumption reached 69.54 Mtce and, correspondingly,
the per capita energy consumption was at a level of 3.54 tce, 1.5
times the national average, ranking only second to Shanghai [8].
The per capita CO2 emissions reached 6.91 tonnes in 2009, i.e.,
1.3 times the national average [9]. Beijing is also characterized
by a scarcity of natural resources, indicated by the fact that all
the natural gas and crude oil consumed by the city, as well as
95% of the coal, 64% of the electricity, and 60% of the refined oil
consumed, has to be imported [10].

Within the 11th and 12th National Economic and Social Devel-
opment Five Year Plan (FYP) the central government introduced a
number of measures to increase energy efficiency and environ-
mental performance of the producing industries. The 11th FYP
targeted a reduction of specific energy intensity of products by
20% by the year 2010 and the 12th FYP aimed for a reduction of
40–45% by 2020 compared to 2005 levels [11]. The 2010 target
was only narrowly missed with an overall reduction of 19.1%
[12]. The most representative central policies introduced within
the 11th FYP were the Top-1000 Enterprise Program, Ten Key
Energy-Saving Projects and the Obsolete Capacity Retirement Pro-
gram. Responsibility for the measures lies with the sub-national
governments. Several provincial and municipal governments have
introduced their own programs. In 2006, Shangdong Province initi-
ated a key enterprise program which by 2012 had led to 70% of all
provincial energy consumption being covered by energy saving
responsibility contracts. In 2007, Shanxi Province initiated the
‘‘Double 100 Program” which by 2008 had been extended to 996
companies [13]. In 2011, the Municipal Government of Beijing
released a list of recommended energy audit consulting entities
[14] to formalise the procedures and secure the quality of energy
audits. Shen et al. [11] gave a comprehensive overview of indus-
trial energy audits in China. With the introduction of the Cleaner
Production Promotion Law, which has a set of mandatory aspects,
China became the first country in the world to make cleaner
production at least partially mandatory. Bai et al. [15] gave a com-
prehensive overview of the measures on central and provincial
government level leading to this law. Industrial energy audits have
become a key aspect of China’s efforts to reduce its energy inten-
sity and overall rise in energy demand.

Whilst energy efficiency has been recognised as an important
means to increase the competitiveness of companies, the sole focus
in the past was on large and very energy intensive companies.
However, in most industries, small and medium sized companies
(SMEs) are far more energy intensive due to economy of scale
and other barriers which were extensively discussed by Thollander
et al. [16] and Trianni et al. [17]. Only recently have SMEs been
specifically targeted by including them into policies, measures
and dedicated funding mechanisms [16]. Particularly in SMEs of
the Food & Drink (F&D) sector energy costs usually only marginally
contribute to the overall production costs (<5%) and therefore
only get limited attention from a financial perspective [18].
Furthermore, there is a great fear of negatively impacting the
product quality by modifications of the systems and often only
very limited knowledge regarding energy efficiency is present in
the companies [19]. Increasing energy and raw material costs as
have been seen over the last decade have been threatening the
livelihoods of many food manufacturers [20]. It needs to be noted,
that the increased raw material prices often almost marginalised
the increase of energy prices which further reduces the focus on
these. Thus, to date energy efficiency measures (EEM) have rarely
been applied. In a case study conducted by Primabodo and Kumar
[21], the authors found the small companies in the F&B sector to be
the most energy intensive (energy consumption per value added)
of all compared sectors.

For the above reasons producing companies are under growing
financial and legislative pressure. Therefore, these companies
are increasingly looking for opportunities to replace conventional
energy sources with other, more cost effective and sustainable
alternatives.

Two-thirds of all industrial energy demand is used for process
heat, 13% at temperature levels below 100 �C and 27% below
200 �C [22]. Thus, there is a huge potential for the integration of
solar PV and thermal energy in the processing industry, particu-
larly in China. However, at present, the annual global production
of solar process heat only covers ca. 0.5% of the global demand
[23]. The main areas of application are the food, textile and chem-
ical industries, as well as general cooling and air conditioning
applications. The International Energy Agency IEA [24] predicted
the solar process heat capacity of China’s industry to be 179 GWth

in 2020, 435 GWth in 2030 and 1125 GWth in 2050. The IEA also
estimated that, given policy making for adopting PV, installations
could grow from 18 GW installed in 2013, to 634 GW in 2030
and 1738 GW in 2050, potentially capturing nearly 40% of the
global installed capacity [25].

1.1. Process integration and integration considerations for solar
process heat

In many industries the allocation of energy to processes is
known at a financial level at best [26]. Therefore, it is often neces-
sary to carry out production and energy audits. The calculations
of thermal energy demands are usually carried out on a unit
operation (UO) level, based on production data and manufacturer
information on technologies used. This allows for the generation
of a detailed energy and mass balance in each component. The data
gathered is also compared to bench marks within the industry for
evaluation of their own performance. It is imperative to also calcu-
late the theoretical thermal energy demand for the key processes
to be able to evaluate the respective efficiencies and evaluate
whether replacement of technology or improvement of insulation
would be useful.

Schmitt [27] developed a methodology to assess the feasibility
of the integration of solar thermal systems in the processing indus-
try. This methodology can generally be divided into three main
parts and consists of nine steps in total: pre-feasibility assessment
(basic data acquisition; preparation), feasibility study (company
visit; analysis of status quo; process optimisation and energy effi-
ciency; identification of integration points; analysis of integration
points) and discussion/further steps (decision; detailed planning).

Generally, two different approaches can be distinguished: inte-
gration on the supply level and integration on the UO level. Also, in
integration of renewable energy sources, it is very important to
first always evaluate the potential for process integration. The
IEA SHC TASK 49/IV Integration Guideline [28] gives a good under-
standing of the options available. Only when the process is
optimised, will integration of solar thermal technologies show
the real benefit. One of the great challenges in the food industry
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is that many processes are operated in batch mode. Furthermore,
with solar energy being intermittent, heat storage becomes a
necessity [28].

1.2. Solar heat generation

The type and design of the solar thermal system used depends
on 4 factors:

1. The diurnal changes in ambient temperature.
2. The seasonal change in ambient temperature and solar

radiation.
3. The ratio between direct and diffuse radiation.
4. The water or steam temperature required.

The minimum efficiency of the system is determined by the
water/steam temperature required in winter. There are two main
types of solar thermal systems to be differentiated: (a) passive,
which use convection or heat pipes to circulate the hot water;
and (b) active systems, which use a pump. Three types of collectors
are commonly used: flat plate (FPC, 30. . .80 �C), evacuated tube
(ETC, 50. . .200 �C), and concentrating (CPC (60. . .240 �C) or PTC
(60. . .300 �C)) collectors [23]. Although varying in design, their
main purpose stays the same: converting solar radiation into heat
to satisfy the thermal energy demands. The harnessed energy can
either be used directly or stored for later use. The collector
efficiency depends significantly on the type of collector chosen and
its operating temperature. Besides the stationary solutions there
are single-axis tracking and two-axis tracking systems available.
These systems have a higher efficiency at higher temperatures due
to the reduction of convective and radiative losses stemming from
a smaller absorber area. Muster et al. [28] give an overview of
different types of collectors which are commercially used.

Although there is a great need for low grade heat in the food
industry, and is therefore an ideal application for solar thermal
energy, hardly any applications exist [26,28]. Integration of solar
thermal systems into existing processes cannot be generalised
and has to be evaluated anew with every specific case as the mar-
ket is extremely fragmented.

PV systems classically are used to produce electricity which is
then directly consumed or transmitted to the public grid. Conver-
sion efficiencies are much lower than those of solar thermal
systems, up to 75% less. The design and installation of solar PV
systems are significantly simpler. As opposed to solar thermal
systems, there are no moving parts (i.e. pumps and fluid), and
the problematic of discharging the heat in times of no demand
does not exist, as electricity can always be consumed by other
users, supplied to the grid or stored in batteries.

1.3. Optimum solar system design, including energetic and economic
aspects

Weinstock and Appelbaum [29,30] define optimum solar field
design as a constrained optimisation problem considering aspects
such as optimum row distance and therefore reduction of shading,
maximum energy output, minimum plant cost and minimum cost
per unit energy. For this purpose they present algorithms for the
optimisation of single stage stationary systems.

As described in Section 1.2, every solar thermal collector has an
optimum temperature band in which its efficiency is the highest.
Collectors for low temperatures are the cheapest but also require
the most space. Commonly, if a higher temperature is required,
collectors are chosen which can produce these temperatures. How-
ever, the cost efficiency of the overall system relative to the low
temperature collectors is significantly decreased while operating
in lower temperature regions, where cheaper systems should be
used with higher efficiencies. Production of process heat utilising
solar PV and a resistance heater is showing signs of becoming more
cost effective at higher temperatures, particularly in regions with a
high proportion of diffuse irradiation. Consequently, for systems
with high differences between incoming and outgoing temperature
of the working medium, a cascading system consisting of different
types of solar thermal collectors and solar PV for the final boost is a
promising alternative for these systems. To date, there are no such
systems implemented in industry and only little research on this
topic is available.

1.4. Soy sauce production

Soy sauce is becoming increasingly popular on the global
market. In 2006, 7.5 Mio m3 of soy sauce were produced globally
with an estimated increase of production to 8.3 Mm3 by 2020
[31]. There are two main methods for the production of soy sauce,
fermentation and acid hydrolysis. The market shares of the two are
estimated to be almost equal. The production process for tradition-
ally produced soy sauce consists of three major steps, Koji produc-
tion, brine fermentation and refining as described by Luh et al. [32].
In contrast, in acid hydrolysis the raw materials are hydrolysed,
neutralised, refined, treated with active carbon and filtered [33].
The latter product is significantly different to the former regarding
its composition. Technologically the processes also differ greatly.
This has direct implications on the degree of mechanisation and
process integration possible, the production time (hydrolysis
<24 h, semi traditional and traditional 25–70 d), and the average
energy demand per unit produced.

Based on a case study in the greater Beijing area, the work
presented investigates energy demand patterns, the potentials of
process integration through retrofitting, and the substitution of
parts of the energy demand by integration of solar process heat.
An energetic and economic solar field optimisation analysis is pre-
sented for three to generate solar process heat: (1) single stage
solar thermal, (2) single stage solar PV with electric hot water
and steam generation and (3) a cascading solar thermal and PV
combined system.

2. Case description: The production facility for soy sauce

The site investigated is a medium-sized soy sauce plant in the
greater Beijing area, co-located with a vinegar plant. The factory
is part of an industrial park which is centrally supplied with pro-
cess heat in the form of steam by a steam plant. The owner com-
pany also owns a number of other food and food condiment
plants in several other provinces. The site in Beijing produces soy
sauce and vinegar, both in a semi-traditional way. The vinegar
plant was completely replaced in May 2009, leading to significant
reductions in specific overall energy demands. However, according
to the production manager, the change of system led to substantial
changes in the taste of the product and, consequently, a reduction
in the market share. Although the vinegar plant is not part of the
core case study, the information on energy demands is only avail-
able on a site level and, therefore, the demands for vinegar produc-
tion have to be considered. Further, the fact that a significant part
of the market share was lost due to changes in the taste, shows
how crucial it is to not interfere with the production process unless
the correlation between product quality and processing is known
in detail.

2.1. The energy supply on site

On site, the energy sources used are steam, electricity, natural
gas and petrol. Heat has by far the highest share in the energy
mix at almost 90% and is supplied by the central steam plant.
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The steam supply temperature is at 152 �C (0.37 MPa) and the sys-
tem is open.

The data related to energy use was only available on a total site
level, which includes the soy sauce production line as well as the
vinegar production line, with no possibility to reliably split
between the two. Petrol is almost exclusively used for running
the vehicle, whilst natural gas is used as backup for the steam sup-
ply which, regarding the low share at less than 1%, occurs very
rarely. All energy sources were converted into standard coal units
(SCU) using the standard conversion factors.

2.2. Soy sauce process description

The daily production capacity is 8 batches in 10 h. Fig. 1 shows a
process flow diagram of the process investigated. The ratio of raw
materials is soy beans/wheat/wheat bran 50:20:30%. In the first
production step, the soy bean and the wheat flakes are mixed
and then water is added at 90 �C. The resulting mix is then stirred
for 30 min after which the wheat bran is added. Then the mix is
steamed for another 30 min and heated to 120 �C using direct
steam injection. After steaming, the mix is emptied on a conveyor
belt where it is cooled to 40 �C using forced air cooling. On a second
conveyor, belt the yeast is added to the mix. The pre-fermentation
is carried out in flat, long vats (20 in total, 10 for each fermentation
line) that are open to the atmosphere. The vats are grouped in twos
in separate rooms where the temperature is controlled manually
using wall mounted radiators. Two vats accommodate 3 batches
produced. The mix stays in pre-fermentation for 24 h and is then
transferred to the fermentation vats via a conveyor belt.

The fermentation vats are grouped in two halls in units of 40, 4
of which share one water bath. Each vat accommodates 2 produc-
tion batches. Fermentation is performed for 26–27 days at 50 �C
and the vats are open to the atmosphere on the top side. In the
vats, salty water is added to the mix. The bottoms of the vats con-
sist of a perforated metal plate, which is permeable for the liquid
but not for the solids. The liquid is collected underneath the plate.
For the first 10 days the mix is not disturbed, after that the accu-
mulated liquid is recirculated on the upper surface of the mix for
40 min every day. This recirculation is conducted to increase the
degree of extraction from the mix. After 27 days the soy sauce is
drained, sterilised, cooled and bulk stored. The fermentation resi-
due is then manually removed and consequently used as animal
feed.

The water baths are heated through direct steam injection, the
overflow water is discarded of at 55 �C. There is no control system
implemented. Every water bath has a manual temperature gauge
installed which is regularly checked in a walk through assessment.
As soon as the temperature of the water bath falls below 55 �C, the
shop floor workers will open the steam valve until the displayed
water bath temperature has risen to 60 �C.

The production halls are heated using a central heating system
with standard radiators. The supply temperature of the system is
95 �C and the return temperature is 70 �C. The water is heated in
a storage tank through a steam-water heat exchanger, the conden-
sate is discarded of at a temperature of 98 �C. The soy sauce is ster-
ilised at 115 �C using 152 �C steam and exits the unit at 110 �C. The
incorporated heat is recovered and used for pre-heating the water
which for producing the salty water, and is stored at 50 �C in two
insulated storage tanks.

3. Methodology

3.1. System and energy audit

In the present case the operations involved are: mixing and
cooking of the raw materials, pre-fermentation, fermentation,
sterilisation and space heating, see Fig. 1. Much like in other com-
panies in the F&D sector [19], the data acquired by the company by
default was not sufficient for the conduction of a detailed energy
audit. Therefore, detailed measurements were necessary and
assumptions for values which could not be measured had to be
made based on experience of the auditors and literature data.
Energy and production data of 5 consecutive years were available
for the total site. This included vinegar and soy sauce production
data, which were available split by the month. All values in this
section are based on the theoretical demand and losses.

3.1.1. Steam supply and condensate losses
Steam supply calculations were based on the theoretical energy

demand of each production step. It was assumed that there were
no losses in the heat transfer and that the condensate left the
steam heat exchanger at a temperature of 98 �C and was discarded.
Steam supply temperature was assumed at 152 �C, which is
contractually guaranteed at the hand over point from the steam
network. All potential losses on site due to leakages or inferior
insulation were not regarded. The mass of steam used was directly
based on the sum of all theoretical energy demands and heat losses
in the stage in question, which are described in detail below. Steam
demand was calculated as follows:

mst ¼ Qdem

ðDhe þ cp;st � D#Þ ð1Þ

For the heat loss calculations related to the discarded condensate, a
baseline temperature of 20 �C was used. Calculations were con-
ducted as follows:

Q cond ¼ mw � cp;w � D# ð2Þ
3.1.2. Cooking and steaming stage
The physical and thermodynamic properties of the raw materi-

als were used as follows [34,35]: soy bean bran cp,sb = 1.85 kJ/
(kg ⁄ K), ksb = 0.034 W/(m ⁄ K), Wsb = 6.1%, qsb = 620 kg/m3,
msc = 1250 kg; wheat cp,wg = 1.46 kJ/(kg ⁄ K), kwg = 0.06 W/(m ⁄ K),
Wwg = 8.0%, qwg = 324 kg/m3,mwg = 500 kg; wheat bran cp,wb = 1.46 kJ/
(kg ⁄ K); kwb = 0.051W/(m ⁄ K), Wwb = 8.0%, qwb = 171 kg/m3; water
cp,w = 4.2 kJ/(kg ⁄ K), qw = 1000 kg/m3, Dhe,w = 2258 kJ/kg mw =
1750 kg; values for the mix: cp,m = 2.8 kJ/(kg ⁄ K), qm = 685 kg/m3,
Soy sauce: cp,ss = 3.8 kJ/(kg ⁄ K), qss = 980 kg/m3.

The energy demand for heating of the raw materials was calcu-
lated using Eq. (3)

Qh ¼ ðmwcp;w þmsbcp;sb þmwgcp;wg þmwbcp;wbÞ � D# ð3Þ
For estimation of losses in the cooking and steaming stage, the
cooker was approximated to be cylindrical. The vessel was filled
to the height l. The make-up of the steaming vessel was estimated
to be 1 mm stainless steel type 1.4301 [36], the volume of the vessel
to be 6 m3. The vessel was not insulated. Heat transmission _qtr of
the fluid filled area was calculated as follows:

_qtr;li ¼ 2 � p � l � ð#in � #outÞ

1
rin �ain;li þ

ln rout
rin

� �
ks

þ 1
rout �aout;li

ð4Þ

With

l ¼ Vmix

p � r2 ð5Þ

And

Vmix ¼ ðmwqw þmsbqsb þmwgqwg þmwbqwbÞ ð6Þ
For the calculation of the heat transmission of the gas filled area
_qtr;ga, ain,li was replaced by ain,ga.



Fig. 1. Process flow diagram.
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The heat transmission at the bottom _qtr;b was calculated using:

_qtr;b ¼ A � ð#in � #outÞ
1

ain;li
þ ss

ks
þ 1

aout;li

ð7Þ

For the calculation of the heat transmission of the top _qtr;t , ain,li was
replaced by ain,ga.

For the calculation of heat losses towards the air in the convec-
tive cooling stage Eq. (3) was used. It was assumed that the mate-
rial is thinly enough distributed on the conveyor belt to reach a
uniform end temperature of 40 �C and only transferred thermal
energy, but no water, to the air. Minimum air demand was calcu-
lated using 20 �C surrounding temperature and a final air temper-
ature of 30 �C as given by the production manager.
3.1.3. Fermentation stage
The dimensions of the fermentation vats are 3.5 � 2.0 � 2.15 m.

The vessels were assumed to consist of 1.5 mm stainless steel type
1.4301 [36]. For the heat loss calculations of the vats, heating with
steam at 152 �C was assumed. As the vats are not covered, the heat
losses towards the room were calculated using natural convection
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towards the air, with a convective heat transfer coefficient of
10.45 W/m2 K and a surface temperature of 50 �C. The area
exposed to the surroundings was 7 m2. It was assumed that no heat
was lost through the water baths. The only losses accounted for
were the losses from the surface of the mix, assuming a uniform
product temperature of 50 �C. Calculations were conducted using
Eq. (8):

_qtr;v ¼ A � kmix � D# ð8Þ
Heat losses through the water leaving the system at 50 �C were cal-
culated with Eq. (2).

The dimension of each production hall is 40.0 � 37.5 � 7.0 m
(10,500 m3). Each fermentation room borders other rooms on three
sides which are heated to the same temperature, thus only the
outer wall and the roof were considered in the heat loss calcula-
tions. The outer wall also has a glass front consisting of single
glassed panels. A single glass front with the dimensions of
1.25 � 35.0 m was assumed. The construction material was
assumed to be 30 cm poured concrete for the walls, a vertical
single glassed window and the roof to consist of 5 cm concrete slab
and 2.5 cm insulation with heat transfer coefficients of 5.8, 5.9 and
0.9 W/m2 K respectively. The heat losses through the wall were
calculated as:

_qtr;wall ¼ Aconc
1

kconc

þ Agl
1
kgl

 !
� ð#in � #outÞ ð9Þ

The heat losses through the roof were calculated using:

_qtr;roof ¼ Aroof
1
ain

þ sins
kins

þ sconc
kconc

þ 1
aout

 !
� ð#in � #outÞ ð10Þ

For the heat loss calculations towards the surroundings, the average
monthly ambient temperatures of Beijing for the year 2011 were
used as displayed in Fig. 2, generated using Meteonorm 6 software.
The year 2011 was chosen as the company was able to provide the
most complete data for this year.

According to the production manager, the temperature in the
heating phase (October to March) is kept at a minimum of 15 �C.
However, it is highly likely that in reality, with the installed sys-
tem, keeping these temperatures is not possible. This could not
be further investigated as the room temperature is not recorded
and the site visits were conducted in September.

For the calculation of the room heating demand, the following
assumptions were made: the heating is only turned on when
the room temperature falls below 15 �C, for those periods the
heating demand was calculated using the monthly average as
given in Fig. 2. For a more accurate result, daily or even hourly
Fig. 2. Average ambient temperature, heat losses from vats, room heating demand
and temperature difference between product surface and room temperature.
temperatures would have to be used. Heat loss calculations for
the condensate were conducted using Eq. (3).

Heat losses through discarding of the solid waste had to be
based on assumptions as there were no data on amounts and com-
position available. Information from the brewing sector was used,
where brewer’s grain is considered 1.1–1.3 kg per kg of malt at a
moisture content of 80% [37]. Initial moisture contents of the soy
and grain was estimated to be 0.13 kg/kg which is the industrial
standard for dried grains. This leads to a total ratio of dry residue
of 25%. Thermal properties of dry residue were assumed to be
identical to the raw ingredients.

Qwa ¼ 0:8 �mwa � cp;w þ 0:2 �mwa � cp;mix ð11Þ
with

mwa ¼ mw þmso ¼ ðmsb þmwb þmwgÞ � 1:1 ð12Þ
3.1.4. Sterilisation stage
Heat demand during sterilisation was calculated using Eq. (3),

utilising the specific heat capacity of soy sauce as displayed in
Section 3.1.2. Sterilisation was conducted under pressure at
115 �C, therefore no evaporation occurred.

3.1.5. General assumptions made
The calculations carried out were based on full utilisation of all

vats throughout the year based on optimum scheduling. This trans-
lates to 281 production days or 2246 batches. However, as shown
in Table 1, production rates fluctuate significantly and adjust to the
market demands continuously.

3.2. Process optimisation and heat integration

The reduction of heat demands is split into two parts, the UO
optimisation and the process integration. Recent studies have
shown that a change of processing technologies can lead to signif-
icant reductions of energy demands [38]. New technologies offer
different opportunities for integration; therefore, it is essential to
undertake changes in the UOs before integrating the system. In
the integration step available, heat recovery potentials within the
utilities (supply of heat, cold, and compressed air) are evaluated.

Due to the physical system set up and the production schedul-
ing, classic pinch analysis could not be applied. These restrictions
extended to the introduction of new technologies for the UOs
involved. The suggestions for process integration developed were
based on the location of heat sources and sinks and their individual
timings. Calculations were based on the availability of waste heat
and the demand in the source streams. The minimum temperature
difference of 10 �C between source outlet and sink inlet in the heat
exchangers was used because this is industrial standard. Depend-
ing on the location of the waste heat streams and their use, two
different approaches had to be chosen.
Table 1
Production data overview.

2008 2009 2010 2011

Ratio Soy Sauce (RS) % 0.87 0.91 0.81 0.81
Ratio Vinegar (RV) % 0.13 0.09 0.19 0.19
Specific Steam Demand (SSD) tsteam/

tproduct

1.86 0.88 0.67 0.66

Specific Total Energy
Consumption (SEC)

tcoalequ 0.16 0.10 0.07 0.07

Relative energy consumption
(REC)

% 0.88 0.79 0.92 1.00

Specific water demand (SWD) m3/m3 2.95 3.28 2.43 2.32
Relative costs per unit (RCU) % 0.59 0.92 0.94 1.00



Fig. 3. DNI, GHP and yearly efficiency of evacuated tube collectors for different
locations [Industrial Solar GmbH; personal correspondence].

Table 2
Simulation parameters of the solar thermal collectors.

Case 1 –
mixing

Case 2 – steaming

Flat plate Vacuum
Flat Plate

Flat plate
and PV

Optical coefficient g0 0.871 0.759 0.871
Linear Thermal Loss

Coefficient (W/m2 k)
a1 3.162 0.508 3.162

Quadratic thermal loss
coefficient (W/m2 k2)

a2 0.0018 0.007 0.0018

Inlet temperature (�C) #i 20 140 10
Outlet temperature (�C) #o 100 190 140
System efficiency (%) gST

sys 85 85 87.5
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In the first scenario, heat was recovered from the soy sauce after
sterilisation. Cold water with an inlet temperature of 10 �C was
pre-heated to 50 �C for the use as process water. Under these
circumstances, the heat sink was available immediately and until
the end of the availability of the waste heat. The soy sauce exited
the steriliser at 110 �C and was cooled to 20 �C. Therefore, the
following approach was chosen:

Qr ¼ mss � cp;ss � D#ss ð13Þ
And the mass of water heated was

mw ¼ Qr

cp;w � D#w
ð14Þ

In the second scenario, for the condensate from the water pre-
heating in the mixing stage and the sterilisation, a different
approach had to be chosen. In both cases, the waste heat is only
available after a certain proportion of the medium to be heated
(water or soy sauce) has already been heated. Accordingly, the last
proportion of the recovered heat cannot be utilised as there is no
heat sink available. Water entered the system at 10 �C and soy sauce
at 50 �C, condensate temperature was at 98 �C. Calculations were
conducted using Eq. (15)

Qr ¼
Z

ðmw � cp;w � D#; t; t1; tn�1Þ ð15Þ

The amount of un-utilised waste heat was calculated using

Ql ¼ Qwh � Qr ð16Þ
With

Qwh ¼
Z

ðmw � cp;w � D#; t; t0; tnÞ ð17Þ
3.3. Integration of solar process heat

The energy demands for heating and cooling on a considered
site varies significantly with location, time of the day and period
of the year [28] and, in the present case, on the current market
demand. For illustration of dependencies, Fig. 3 shows a compar-
ison of systems in Beijing and 5 other locations relating to direct
normal irradiation (DNI), gross heat production (GHP) and the
yearly average efficiency of a solar thermal system producing
2 t/h of steam (ca. 6000 m2 collector size), utilising Fresnel collec-
tors, installed flat and orientated East–West. Calculations were
provided by Industrial Solar GmbH company, a provider of a
Fresnel solar concentrating collector, using their internal collector
performance model. Clearly, the level of DNI (direct normal
insolation) plays a significant role towards the yearly efficiency,
especially for concentrating collectors and therefore determines
the sizing of the system.

3.3.1. Simulation description
To determine the performance of both a photovoltaic (PV) and

solar thermal (ST) plant, an hourly year-long simulation was con-
ducted in MATLAB for two solar integration points: batch heating
of the inlet water and other ingredients from 10 �C to 90 �C (Mix-
ing) and the creation of saturated steam (from 10 �C) at 0.37 MPa
for the second cooking (Steaming) process. The hourly energy yield
of the selected solar panels was calculated in accordance to Duffie

and Beckman [39] for solar thermal collectors ð _Q STÞ (Eqs. (18) and
(19)) and photovoltaic collectors ð _QPVÞ (Eq. (21)), and modified with
a system efficiency termwhich encompasses both thermal losses from
the storage tanks and required heat exchanges. Meteorological data
was obtained by the METEONORM database, which provided the
available solar radiation ðHtÞ at a collector tilt angle, ambient
temperature ð#aÞ and beam incident angles on the collectors (h),
required to calculate the Incident Angle Modified (AM). The PV effi-

ciency ðgPVÞ was set at 17% with a system efficiency gPV
sys

� �
of 90%.

The Area (A) was held constant at one square metre to calculate

the specific annual energy yield �YST;PV
1;2 ; ½kW h=m2 a�

� �
which was

beneficial for the next section. Values and explanations of the
remaining symbols are found in Table 2.

_QST ¼ A � Ht � IAM � g0 �
a1

#oþ#i
2 � #a

� �
Ht

� a2
#oþ#i

2 � #a
� �2

Ht

 !
� gST

sys

ð18Þ

IAM ¼ 1� 0:1 � 1
cos�1 h

� 1
� �

ð19Þ

_QPV ¼ A � Ht � IAM � gPV � gPV
sys ð20Þ

The collectors were facing south and tilted to 40�, the latitude of
Beijing, which was chosen to give the highest annual yield [40].
An efficient flat plate was selected for the lower temperature appli-
cations and a higher performing Vacuum Flat Plate for higher tem-
peratures. A concentrated thermal collector (i.e. parabolic-trough
[41–43]) was not selected for this comparison due to relatively
low DNI values as a result of a high concentration of atmospheric
aerosols. Thermal energy storage was needed to buffer not only
the transient solar radiation and respective thermal yield, but also
to compensate for the intermittent batch processes during the
day. Both a thermocline hot water storage tank and a steam drum
were included in the model, along with thermal losses though the
heat exchanges, represented collectively by a ‘‘System Efficiency

gST
sys

� �
” term, which was validated through the prior works of



Fig. 4. Simulation results for the ST flat plate and PV collectors in case 1 (Mixing).
The circled points indicate the ‘‘Good Solar Day” for both cases. The integration of
the graphs provides the specific annual yield of the collectors in Beijing.

Table 3
Simulation input parameters.

Parameter Value Unit Source

Flat plate collector 2051 Yuan/m2 [48]
Vacuum flat plate collector 3420 Yuan/m2 [48]
PV panels 11.62 Yuan/Wp [49]
Degradation rate (DR) of ST 1 % [50]
Degradation rate (DR) of PV 1 % [51]
System lifetime (L) 20 Years [51]
operation and management (O&M) 1.5 % of installed [51]
discount rate (DR) 3.17 % [46]
Steam price 0.31 Yuan/kWh [47]
inflation rate of steam/electricity 5 % [47]
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Lauterbach [44] and PVWatts. The results of these simulations are
found in Section 4.4.

3.3.2. Solar project sizing
The size of each plant was constrained by two main factors: the

available rooftop space on the building (�5000 m2); and the peak
daily hot water and steam demand (1300 kW h/d Dp

1

� 	
and

1730 kW h/d Dp
2

� 	
, respectively), excluding the random heating of

the fermentation tanks and sterilization process. Sizing of the
respective solar heating plants was done in accordance to VDI
6002 [45] and extended by Lauterbach [44]. In these documents,
it was recommended to avoid wasting thermal energy by designing
the solar plant to meet the peak demand in the summer. This was
done by first conducting an annual simulation as above on one
square metre of collector, whether flat plate, Vacuum Flat Plate,
or Photovoltaic in order to determine the annual specific yield
�YST;PV
1;2 ; kW h=m2 a

� �
, as described in Section 3.3.1. Then, the

annual yield YieldST;PV
1;2

� �
for the entire solar system could quickly

be determined once the collector areas AreaST;PV1;2 ; m2
� �

was

known.

YieldPV;ST
1;2 ¼ AreaST;PV1;2 � �YST;PV

1;2 ð21Þ

The solar collector area for a desired process is determined by divid-
ing the daily demand of said process (Dp

1;2, kW h/d) by the highest

daily specific output of said collector, (SST;PV1;2 , kW h/m2 d), commonly
referred to by VDI 6002 [24] and Lauterbach [44] as a ‘‘Good Solar
Day.” This day and value was determined by condensing the hourly
to a daily annual specific yield, which the highest day denoted as

such SST;PV1;2

� �
.

AreaST;PV1;2 ¼ Dp
1;2

SST;PV1;2

ð22Þ

An example of the ‘‘Good Solar Day” SST;PV1

� �
, circled, are shown

below in Fig. 4 for the Mixing case, provided from MATLAB simula-

tions described in Section 3.3.1. The Specific Annual Yield �YST;PV
1

� �
is

the summation of the Specific Daily Yields throughout the year.
Using these values and Eqs. (21) and (22), the performance of the
solar plants to meet the required thermal demand in Mixing and
Steaming cases can be calculated.

3.4. Economic appraisal

Two key financial parameters were calculated to determine if a
project is financially feasible, the Levelised Cost of Energy (LCOE)
and Payback Period. The LCOE equation for the solar projects is
show in (Eq. (23)), including the project lifetime (L), operations
and maintenance costs (O&M), depreciation rate (DR) and system
degradation rate (SD). Project costs ðCostST;PVÞ were derived from
the specific installed collector cost in Table 3, multiplied by the size

of the project, determined in Table 5, where the YieldPV;ST
1;2 is also

listed.

LCOE ¼
CostST;PV þPL

n¼1
OM

ð1þDRÞnPL
n¼1

YieldPV;ST1;2 �ð1�SDÞn
ð1þDRÞn

ð23Þ

The Payback Period is the point when the energy generated by the
solar system, valued at the cost of fuel (or network steam in this
case), surpasses the sum of its upfront costs and annual O&M. The
cost and revenue flows of the solar projects were evaluated at the
end of each year and, when the value of the project changes from
negative to positive, the Payback Period is determined.

For the evaluation of energy price developments an inflation
rate of 3.14% was used, which is the average annual inflation rates
from 2008 to 2012 [46]. The steam price used for the estimation of
the financial benefit of implementation of solar thermal installa-
tion was taken from the Chinese Governmental website [47] and
is at 230 Yuan/t, or 0.31 Yuan/kW h (0.045 €/kW h), subject to a
5% inflation rate. It was assumed that the company would self-
finance this project and not borrow money from a lending agency.
The prices for the solar thermal steam system and its installation
were based on three case studies carried out by Shanghai Jiao Tong
University [48]. A summary of the input parameters for the analy-
sis are exhibited in Table 3. Results of the economic comparison are
shown in Section 4.4.
4. Results

4.1. System analysis based on energy and water bills

The most important production data for the course of 2008–
2011 are displayed in Table 1. Throughout the regarded period,
the ratio of soy sauce production (RSS) had always by far out-
weighed vinegar production (RV). However, before the modernisa-
tion of the vinegar production line in May 2009 (Fig. 5), its
contribution to the energy demand was enormous, which is
directly reflected in the average Specific Steam Demand (SSD)
and the resulting Specific Total Energy Consumption (SEC), which
was more than twice as high before than after the modernisation.



Fig. 5. Saturated steam demand, Ratio Soy Sauce and Ratio Vinegar as a function of
time of the year for 2009 and 2011.
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The specific water demand (SWD) also reduced after the refurbish-
ment, however, it is not entirely clear what caused the rise in 2009.
One of the influential factors on SWD is the ratio between 1st, 2nd
and 3rd class soy sauce. The 1st class product contains no addi-
tional water and different amounts of additional water are used
for the 2nd and 3rd class products, which are added directly before
packaging. On average, 4.4 kg of water is added for every kg of pro-
duct after sterilisation. The relative costs per unit (RCU), which are
the ratio between the actual energy costs at the time and the costs
in 2011 (with consideration of inflation), show how drastically
energy prices rose with the economic crisis in 2009, with a level
of 59% in 2008 and 92% in 2009.

Fig. 5 depicts the development of SSD, RSS and RV on a monthly
basis for 2009 and 2011. The effect of changes in the vinegar pro-
duction can be clearly seen by the drop of specific energy demand
between January 2009 and June 2009. The peak in February, and
the still very high SSD in March despite the low percentage of vine-
gar production, cannot however be explained by very cold weather
conditions as January was reportedly the coldest month and had
similarly high production levels as February. The fact that the
specific energy demands do not follow clear seasonal tendencies
can be explained as: firstly, vinegar production is less energy
intensive than soy sauce production, so an increase in the RV will
result in a decrease in the SSD. Secondly, for 2nd and 3rd class
soy sauce, the additional water is only added after the production,
therefore in these cases the specific SSD is lower than for 1st class
produce.
4.2. Process audit and evaluation

The processing is carried out as described in Section 2.2 (Fig. 1).
Table 4 gives an overview of all energy demands, direct heat losses
and heat losses through discarding the condensate.
Table 4
Energy demands, direct and indirect heat losses for the production line by batch and as a

Process step Energy demand [kW h]

Heating of mix 171
Steaming 176
Convection cooling –
Pre fermentation 11
Fermentation heating 35
Fermentation (maintenance of temperature) Min 555

Max 799
Average 716

Solid waste
Sterilisation 280
Batch total 1354
Yearly total 3,041,465
In the cooking stage, heat is lost due to the lack of insulation of
the steaming vessel. In the transfer phase, where the product is
cooled to 40 �C using forced air, in average 255 kW h of heat are
lost per batch produced. Annually, in the region of 572 MW h are
lost this way. There is no technologically feasible way of recovering
this heat.

The pre-fermentation takes place at a temperature of 40 �C in an
enclosed room, which is, when necessary, heated with conven-
tional radiators. Heat losses here are minimal due to the small size
of the room the short time the product is staying there and the fact
that the room itself is enclosed in a bigger room which is addition-
ally insulated. By far the highest losses occur in the actual fermen-
tation phase. This is due to vessels that are open to the
surroundings, in which the product needs to be kept at 50 �C, as
well as a room of 10,500 m3 volume, with a large glass front and
uninsulated walls, which needs to be kept at a minimum of 15 �C
even in winter. Fig. 2 shows the interrelation of ambient tempera-
ture, temperature difference between the vats and the room
temperature, heat losses through the product surface in the
vats (values for 40 vats) and heating demand. The heat losses from
the vats into the surrounding air were calculated to be 804 MW h/a
(1.6 GW h/a), whilst the total heating demand for room heating
sums up to 164 MW h/a (328 MW h/a).

The waste is discarded of at a temperature of 50 �C and consists
of 80% water and 20% dry matter. 85 kW h of heat are lost per batch
with the waste. This translates to 191 MW h/a of heat losses.

The overall non-recovered theoretical heat losses amount to
1.3 MW h per batch and would sum up to 3.0 GWh/a at full
utilisation.

4.3. Potentials for heat recovery and process integration

In addition to the already existing waste heat recovery in the
sterilisation stage, two easily applicable integration points were
identified in waste heat recovery from condensate in the mixing/
cooking and sterilisation steps. Firstly, the heat from condensate
in the water pre-heating before mixing could be used to pre-heat
the water flow from 10 �C to 29 �C. This would amount to a reduc-
tion of energy demand in this step by 13% or 23 kW h/batch. Sec-
ondly, the condensate from the sterilisation process could be
used to pre-heat the soy sauce before entering the steriliser from
50 �C to 62 �C. This would lead to a reduction of energy demand
by 14% or 39 kW h/batch. However, these two measures would
only account for reductions in the overall energy demand by 4.5%.

Due to the nature of the system, beyond these two measures,
theoretically only the room heating system could be supplied with
heat at temperature levels below 100 �C; however, an underfloor
heating system could not be implemented as there is no room
for such measures. Therefore, a new radiator system would have
to be installed. However, in total, the energy demand for room
heating only makes up 17% of the total theoretical heat demand
yearly total.

Recovery [kW h] Heat losses process [kW h] Heat losses condensate [kW h]

– 4 23
– 12 –
– 255 –
– 11 –
– – 2
– 555 39
– 799 56
– 716 50

85 –
360 20 39
360 1102 208
808,728 2,475,977 467,684



Table 5
Summary of yields for heating and steam generation cases.

Case 1 –
heating

Case 2 – steam generation

Solar
thermal

PV Solar
thermal

PV ST + PV
cascade

Annual Specific Solar
Yield (kW h/m2/a)
�YST;PV
1;2

� �
589 221 336 221 233.30

Good Solar Day Yield

(kW h/m2/d) SST;PV1;2

� � 4.07 1.21 2.91 1.21 1.39

Solar field size (m2)

AreaST;PV1;2

� � 319 1073 595 1429 1245 (100
ST, 1145
PV)

Annual energy yield

(MW h/a) YieldPV ;ST
1;2

� � 188 236 200 316 290

Rooftop space (m2) 721 2684 1486 3571 3112

Fig. 6. A monthly specific collector yield for the two simulation test cases and five
collector field configurations.
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and is only required from November until March (Fig. 2), when
solar irradiation is the lowest. Thus, this type of investment could
not be justified. Technologically, the required heating demand
could easily be reduced by the reduction of the total volume of
the hall that needs to be heated through the introduction of sus-
pended ceilings. This would have the additional advantage that
up to date insulation could be introduced into the ceiling, further
reducing the energy demands. Another technologically feasible
option would be the introduction of lids on the vats. However,
the auditors were told that this was not an option due to the threat
of negatively influencing product quality. Therefore this option
was not considered.

Beyond the above described and already installed measures
there is no scope for further integration of the current system.

4.4. Integration of solar PV and thermal heat, financial appraisal

Through the analysis, feasible systems were designed which
could meet a significant amount of the energy demand for the mix-
ing and steaming of soy sauce ingredients. Interesting results
emerged, showing that at lower temperatures, solar thermal
collectors prove to be more cost effective, while at higher temper-
atures, PV collectors used for steam generation prove to be a
slightly better investment when directly compared to their
thermal counterpart. In depth results are show below.

4.4.1. Simulation results
The simulation, as described in Section 3.3.1, provided the

hourly performance of the solar collectors. When integrated over

the year, the Annual Specific Solar Yield �YST;PV
1;2

� �
was determined,

noted in Table 5. As typically seen in solar thermal projects, lower
temperature applications generally have a higher �Y since thermal
losses are less, which was confirmed here. Case 1 ð�YST

1 Þ yielded
589 kW h/m2 a, nearly doubling that of Case 2 �YST

2

� �
at 336 kW

h/m2 a. PV generated heat �YPV
1;2

� �
, in both cases produced equal

amounts energy, since the electrical heating process was insensi-
tive to operating temperature. The Cascade system in Case 2 pro-
vided a slightly higher value at 233 kW h/m2 a, indicating a
potential benefit as compared to other systems generating steam.
Also determined from this simulation was the ‘‘Good Solar Day

Yield” SST;PV1;2

� �
, whose comparative results were similar to the

Annual Yield (Table 5), and necessary to size the solar projects to

meet the demand. By dividing the Daily Process Demand Dp
1;2

� �
by SST;PV1;2

� �
, the required collector area for the project was deter-

mined (Eq. (22)). For Case 1, 319 m2 of flat plate collectors are
required to meet the Mixing demand, as shown below. The other
calculated collector field sizes are found in (Table 5).

AreaST1 ¼ Dp
1

SST1
¼ 1300 kW h

d

4:07 kW h
m2 d

¼ 319 m2

The calculation of the annual energy yield follows Eq. (21), by

multiplying the AreaST;PV1;2 by the Annual Specific Solar Yield

�YST;PV
1;2

� �
. Following the solar thermal field in Case 1, this system will

produce 188 MW h of thermal energy at 90 �C per year, shown
below, with the other cases’ yield displayed in Table 5.

YieldPV;ST
1;2 ¼ AreaST;PV1;2 � �YST;PV

1;2 ¼ 319 m2 � 589kW h
m2 a

¼ 188
MW h

a

One other project constraint was the limited rooftop space at
5000 m2. To estimate the required rooftop space for these solar pro-
jects, a footprint of 2.5 times greater than the installed collector
area was assumed [52]. All of the systems were well below this
limit, though the steam generating PV system did take up the lar-
gest amount of space at 3571 m2.

For the Cascade system in Case 2, flat plate collectors heated
water from 10 �C. . .140 �C and the PV collectors boosted this
stream to saturated steam at 152 �C, leading to 9% FP and 91% PV
by collector surface area. These annual yields and solar field sizes
were used as inputs for the financial comparison in Section 4.4.2.

It is interesting to note that while all systems were sized to
meet the daily demand for their ‘‘Good Solar Day,” the PV systems,
though less efficient, produced significantly higher annual yields.
This was due to the thermal losses which occurred in solar thermal
collectors, giving them fewer productive hours over the year to
produce energy. Since the PV collectors are not affected by this,
they will produce more annual energy.

The simulation results displayed in Fig. 6 show the average
monthly efficiency of the 5 solar systems. The ST system in Case
1 clearly converts solar radiation at the highest efficiency, followed
by the ST system in Case 2. Both of these collectors are affected by



Fig. 7. The Net Present Value of the solar systems.
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the ambient temperatures in Beijing, showing the lowest efficiency
during the winter months. More consistent are the PV collectors in
both cases, which generally exhibit an average efficiency of 15%
but decrease slightly in the summer. This was mainly caused by
the increase in the IAM due to the collector tilt angle set at Beijing’s
latitude. While this graph is helpful to understand how efficient
the systems are over the year, the overall energy cost will deter-
mine which project should be installed. Results of the financial
analysis are shown in Section 4.4.2.
4.4.2. Financial analysis
To pre-heat water to 90 �C for Case 1, the solar thermal system

produced energy at a cost of 0.063 €/kW h with a payback time of
approximately 13 years (Fig. 7), observed when the dark blue line
passes from a negative Net Present Value (NPV) to a positive. In
comparison, the PV system heated water at a rate of 0.159 €/
kW h, with no foreseeable payback period within the assumed
20 year lifetime of the system (red1 line of Fig. 7). While generous
tariffs are available for grid fed-in PV generated electricity (up to
1 Yuan/kW h (0.146 €/kW h)) [30], they do not apply in this case as
all generated electricity is internally consumed.

Steam generation produced antipodal results as compared to
Case 1. The cost per kW h of generated steam remained the same
for the PV system (1.08 Yuan (0.159 €)), but the cost from solar
thermal generation increased significantly to (1.223 Yuan
(0.18 €)/kW h), due to the high operating temperatures (i.e. lower
system efficiency) and more expensive collectors. The lowest
cost for steam generation was produced by the Cascade sys-
tem, reducing the PV generated steam cost by 10% to
0.985 Yuan (0.145 €)/kW h. All three systems however did not
achieve a payback period within the 20 year project horizon
(Fig. 7). If a 30 year timeline was assumed for the projects, then
the Cascade system for Case 2 would hit its payback time in the
29th year.

It should be noted that this current financial analysis did not
incorporate local incentives for solar generated energy for two rea-
sons. First, the majority of incentives for solar heat generation are
focused towards domestic hot water systems, which did not apply
in this case. This is also coupled with the fact that most solar ther-
mal incentives are now being phased out of China, due to an
increasing interest in PV rooftop applications thus generating com-
petition for rooftop space. Second, for PV, was that these systems
would not qualify for the Feed-In-Tariff schemes commonly found
1 For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.
throughout China, since the generated energy is not fed to the grid.
Had an Investment Tax Credit been available instead, financial fea-
sibility would have been more obtainable.
5. Discussion

The energy audit conducted revealed significant amounts of
waste heat produced along the whole production process of which
the company had not been aware. Due to the lack of in process
monitoring and recording, as well as the availability of energy data
only on a total site level, which included a vinegar plant alongside
the soy sauce plant energy, the production manager had not been
in a position to reliably evaluate the current situation before the
conducted audit. The only existing energy integration point at
the time of the audit had been the heat recovery from the sterilisa-
tion stage. This is state of the art in most food producing
companies.

The vast majority of waste heat cannot be utilised within the
current system set up. Furthermore, the production engineer does
not want any intrusive measures to be taken as he does not want to
risk a change in the taste of the product. This is particularly impor-
tant as the change in the vinegar production led to a significant loss
in the market share. Only two very easy to implement measures
were identified that could be realised.

The energetic simulations of the solar heat generation produced
the expected results due to input parameters. Traditional flat plate
collectors are extremely efficient at lower temperatures and should
be the preferred choice for such applications, as their performance
to cost ratio is relatively high. This is clearly evident in the wide
spread adaptation of solar thermal domestic hot water systems
within China. PV should never be used for the heating of domestic
hot water as there is no economic justification. For higher temper-
atures, Beijing was a unique case due to the reasonably good levels
of GHI, but rather low levels of DNI due to frequent smog and haze,
a result of local pollution stemming predominantly from coal
based electricity and heat generation.

Due to this, a concentrating thermal collector was avoided
(which is typically used for steam generation) and a Vacuum Flat
Plate collector used in its place. There was a significant thermal
penalty incurred from this selection, as the radiation losses were
quite high due to the high operating temperatures (Mean Plate
Temperature = 172.5 �C), and the large collector surface area. With
a concentrating collector, these losses are minimized due to a very
small collector surface area (10–20 times smaller; i.e. 10–20 times
fewer thermal losses), and thus perform better at higher tempera-
tures with ample DNI resources. Due to these factors, cost effective
solar thermal generation of steam was at a disadvantage due to the
large fraction of diffuse radiation. This supports the generally
accepted practice that projects demanding high processes temper-
atures, in high solar radiation locations, should rely on concentrat-
ing technologies. Following this, the research presented here gives
indications that in lower to medium solar radiation regions where
steam is desired, PV based steam generation (especially coupled
with low cost ST for pre-heating) is becoming increasingly eco-
nomically feasible. With the prices for PV expected to be continu-
ally decreasing, this is only the starting point for PV based steam
generation for industrial applications.

It should be noted that the export (or internal consumption) of
PV generated electricity is normally more financially feasible as
compared to electrical heating. The authors are aware of this
and, for most applications, solar generated electricity should only
be used for electrical demands, and thermal for thermal. However,
in regions where net metering is not allowed (Mississippi, South
Dakota, and Tennessee in the United States, for example), PV use
for electrical heating may provide a better technical solution. It
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was the intent of the authors to directly compare these two tech-
nologies for heat generation.

6. Conclusions

The aim of this study was the evaluation of the feasibility of
waste heat recovery, process integration and introduction of
renewable energy sources in the form of solar heat generation in
a soy sauce plant in the greater Beijing area. It was found that only
about 5% (138 MW h/a) of the currently unutilised waste heat can
be technologically feasibly recovered. Beyond this, scheduling
issues, structural constraints within the system, costs for retrofit-
ting and reluctance to change the process due to the potential
impacts on product quality act preventive to further modifications
of the system.

Simulations of several scenarios for solar heat production have
shown, that the integration of solar thermal energy for both, hot
water and steam generation are feasible. Provision of hot water
in the cooking stage of 170 MW h/a at a 20 years LCOE of
0.063 €/kW h was analysed. Steam generation for the steaming
process was most cost effective with a cascade system of PV and
flat plate collectors delivering 290 MW h/a with an estimated
20 year LCOE of 0.145 €/kW h. The two cases could contribute
5.6% and 9.6% of the total energy requirement for full utilisation
of the soy sauce plant. Combining the process integration and solar
heat supply measures, steam supply from the steam plant could be
reduced by up to 14%.

In future work, further techno-economic analysis will be con-
ducted to compare the use of solar thermal, PV, and industrial heat
pumps for the generation of all local demands on an industrial
level (electricity, heating, and cooling). The goal of this will be to
elucidate the lowest cost combination of environmentally friendly
technologies to meet process demands.
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