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Abstract: The evaluation of energy efficiency improvements in polyisoprene footwear production
is shown. By installing air preheater, combustion air natural gas consumption is reduced by 7%.
Simultaneously, the boiler outlet flue gases’ temperature is decreased from 204 °C to 66.93 °C,
providing a sound basis for both economical savings and energy efficiency improvements, as well
as ecological benefits to the environment. The application of condensate heat recovery resulted in
flue gases’ volume decreasing by 11.85% and a thermal pollution decrease of 91.34%. Combining
air preheating by exhaust flue gases and condensate heat recovery resulted in a decrease in the flue
gases’ volume by 17.97%, and in the temperature lowering to 66.93 °C. The energy consumption for a
combined system on location ¢ = 45°49") with a collector field of 12.936 x 10° m? was investigated.
The hybrid system was calculated for four variants: (1) solarized process without flue gases” heat
recovery, (2) solarized processes with heat contend in flue gases using an air preheater, (3) solarized
processes with condensate heat recovery, and (4) solarized processes with heat contend in flue
gases using air preheater and condensate heat recovery. The highest fuel savings were shown in
solarized processes with heat contend in flue gases using air preheater and condensate heat recovery,
resulting in savings of up to 78.92%, while the flue gases’ volume decreased from 5390.95 m%gg /h to
932.12 m3p /h.

Keywords: polyisoprene; footwear production; energy efficiency improvements; flue gases” heat
recovery; air preheater

1. Introduction

One of the most well-known natural polymers is polyisoprene, which is derived from
rubber trees. However, it also exists as a man-made fiber and is used as an adhesive bond in
the footwear industry or as a coating in the textile processing industry. Isoprene is another
important conjugated diene for synthetic rubber production [1]. Man-made polyisoprene
has better mechanical and thermal properties when compared to natural rubber due to its
good inherent tack, good hot tensile strength and hot tear resistance, a high modulus, a
high degree of resilience, and excellent compression values [1,2].

It is superior in the mixing, extrusion, molding, and calendering processes [2]. Poly-
isoprene is a synthetic polymer (elastomer) that can be vulcanized through the addition
of sulfur. Cis-polyisoprene has properties similar to that of natural rubber; however, it is
characterized by high tensile strength and insensitivity to temperature changes and has
low abrasion resistance. Trans-polyisoprene, on the other hand, has different properties
from the cis form, and cannot be vulcanized [2].

The rubbers most commonly used for latex adhesives or in shoe manufacturing are
natural rubber (polyisoprene) or synthetic rubber (cis-polyisoprene). Other end-uses
for polyisoprene include adhesives, lubricants, and useful elastomers such as surgical
gloves and golf balls. Important uses of cis-polyisoprene include the production of tires,
specialized mechanical products, conveyor belts, footwear, and insulation [2]. Exceptional
characteristics of high purity and high gum tensile strength polyisoprene can be used
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in the coating of textiles, the products of which are used for medical, pharmaceutical,
food-processing, and sports-goods applications [3].

In recent years, new innovative usage has brought the spotlight back to polyisoprene
due to his versatile usage; however, ecological aspects in production have been raised. An
organic polyisoprene is found in natural rubber trees; however, mono-crop plantations
severely destroy local ecosystems since most of the world’s tree-based polyisoprene pro-
duction is located mainly in Southeast Asia, primarily Thailand [4]. On the other hand,
synthetic isoprene is polymerized and obtained from the thermal cracking and fraction
of the petroleum, thus consuming fossil energy resources. However, the intensified de-
mand over polymeric materials leads to waste growth [5], and, moreover, raises ecological
footprint for more than 92% of the total ecological footprint, intensifies the greenhouse
gas emission, and leads to global warming [6-8]. Jawjit et al.’s study, which discussed
the potential environmental impacts of condom production in Thailand, compared the
production of polyisoprene and natural rubber condoms. The production of polyisoprene
condoms resulted in a 1.5-2.5 times greater environmental impact due to higher electricity
consumption, leading to the conclusion that the reduction in electricity usage will expe-
rience a 10-17% reduction in environmental impacts [9]. The study on bio-polyisoprene
that is produced through isoprene fermentation supposes the bio-based polyisoprene to
be a sustainable alternative to the natural and synthetic rubber supply due to its decrease
in greenhouse gas emission, its significantly lower land use intensity, additional energy
conservation, and its reduced contribution to climate change [10]. So far, enhanced demand
on rubber-based products has led to an increase in rubber plantations, which negatively
affects biodiversity [11]. However, the increased interest in sustainability has resulted in
studies on more ecologically acceptable forms of isoprene production, such as the above-
mentioned fermentation and biomass [12]. However, despite all ecological controversy,
about 95% of isoprene production is used to produce synthetic cis-1,4-polyisoprene [13].

Industrial processes generate substantial waste heat that could be returned to the
process as a valuable energy source. The heat recovery leads to energy optimization, cost
reduction, and a decrease in the environmental pollution. Improving the energy supply
to a basic process is of critical concern, especially regarding the growth of fuel prices, the
trend of global warming, and climate change, as well as the need to reduce greenhouse
gas emissions. The sources of waste heat include both heat loss from products, equipment,
and processes as well as combustion heat discharge [14]. Waste heat recovery (WHR)
systems are grouped in relation to temperature range. High-temperature WHR systems use
temperatures greater than 400 °C from direct combustion processes, medium-temperature
WHR systems recover heat in the temperature range from 100 to 400 °C, deployed from
the exhaust of combustion units, while the low-temperature WHR systems operate in a
temperature range below 100 °C for industrial products, equipment, and processes [15].
Substantial efficiency improvements and ecological advantage could be achieved even
in the standard synthetic polyisoprene production by applying medium waste recovery
systems such as combustion air preheating, condensate heat recovery, and a combination
of both, as well as solarized processes. The flue gases with a high temperature show
significant potential for energy conservation. The possibility of natural gas savings using
flue gases’ heat recovery and solar energy as a partial substitution for natural gas could
lead to significant energy conservation.

The natural gas heating systems burn natural gas and eject hot flue gases. The flue
gases’ exhaust temperature of gas boilers is about 70 °C to 120 °C of building-combined
cooling heating and power (BCHP) systems, it is about 120 °C to 150 °C; and, in natural
gas power plants, it is about 90 °C to 130 °C [16]. The natural gas boilers, such as the one
used for the purpose of this study, burn gas in their furnaces, while also generating large
amounts of water vapor containing a considerable amount of latent heat and toxic elements
contained in flue gases, which are usually released directly to the environment with exhaust
temperatures above 150 °C, leading to environmental pollution. The flue gas with the
exhaust temperature of 130 °C contains 25% to 30% of the latent heat in building-combined
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cooling heating and power (BCHP) systems. The heat loss due to the exhaust flue gas is
significant, as is the condensation heat [17].

At present, a significant amount of hot condensate and hot flue gases are introduced
to the surrounding environment. The high temperature of flue gases presents a potential
solution for energy conservation. The investigation of the boiler exhaust flue gases for feed
water and air preheating as well as a combination of both can improve the technological
process [18,19]. The gas-fired boiler is used in the present study on the energy efficiency
improvements in polyisoprene footwear production due the advantages it offers, such as
higher efficiency and lower pollutant emission compared to coal combustion boilers [20].

The flue gases’ heat recovery allows for significant efficiency improvements and a
simultaneous decrease in the waste heat that is rejected to the surrounding environment.
This heat contained in flue gases could be recovered. The exhaust flue gases from oil and
natural gas boilers contain large amounts of water vapor and latent heat that could be
recovered since the outlet temperature is usually higher than 150 °C. Another important
concern is the toxic components’ release into the environment [20,21]. Using the waste
heat recovery through the heat pipes” exchanger leads to energy savings, simultaneously
preventing global warming [22].

The heat recovery systems for hot water circulation in gas-fired boilers are: (a) direct
heat recovery systems, which recover the sensible heat of exhaust flue gases for heating
supply water and preheating the supply air; (b) condensate heat recovery systems, which
uses the recovery of a part of the flue gases’ latent heat for the heating boiler feed water,
and (c) absorption heat pump recovery systems, which use the heat of flue gas and transfer
it to the feed water [20,23].

The direct heat recovery systems still do not employ large amounts of waste heat in
flue gases and result in a boiler efficiency rating of around 95%, while the boiler efficiency of
the condensate heat recovery systems is increased, simultaneously decreasing the flue gases’
temperature and increasing the energy savings’ rate by 10% by employing the flue gases’
latent heat recovery. The absorption heat pump significantly improves boiler efficiency, by
as much as 103%, since the part of latent heat can be recovered; however, the installation
costs and system volume are relatively high. The exhaust flue gas temperature can be
decreased below the dew point temperature [20,24,25].

To reduce expensive fuel consumption, the heat of flue gases produced by fuel com-
bustion is preferable for air preheating. Heat recovery using exhaust-to-air heat recovery
and low to medium temperature applications is mainly achieved by air preheaters. Air
preheater designs come in two different types, with the first being the plate type and the
second being the heat pipe type [26]. To reduce furnace stack emissions, it is important to
install the air preheaters, and advanced process controls can increase the overall furnace
efficiency. The primary air is heated using an air preheater prior to entering the furnace of
a boiler. The air preheaters (AP) are the shell, and tube type heat exchangers are used for
preheating the air, which is fed to the boiler or furnaces/kilns for combustion of fuels. The
air preheater’s primary objective is to extract the waste heat from the flue gases leaving the
boiler. Normally, in a simple process configuration, the fuel is fed to the boiler at normal
room temperature and for combustion to take place; the temperature of the fuel is increased
from its room temperature to its ignition temperature. In order to increase the efficiency of
the combustion process as well as a boiler, hot air is fed from the air preheater to the furnace
for the combustion of fuel. In general, the air preheaters are designed to maximize the
efficiency by increasing the heating surface area without increasing the space requirement
and are designed for both flue gases and air to extract the maximum amount of heat from
the flue gases. The air preheaters are used to extract waste heat from the flue gases leaving
the boiler exhaust, thereby increasing the boiler efficiency by 2-3%.

This process could be further improved using the condensate heat recovery, which
should be applied for a feed water preheating. The return condensate combined with
the flue gases” heat recovery can be utilized for the feed water preheating. The process
condensate with the exhaust flue gases could be applied for the combustion air preheating.
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A significant amount of water vapor (steam) in process exhaust flue gases carries a
great deal of latent heat, which can be recaptured through the condensation of the vapor.
When the process exhaust flue gases are cooled below its dewpoint (the temperature at
which water starts to condense), the latent heat can be recovered and reused for process
applications. The latent heat harnessing by condensing the water vapors of the flue gas
brings both economic and environmental benefits. The gas-fired condensing boilers are
studied regarding the maximization of the combustion efficiency and minimization of the
emissions produced by combustion. The heat gained by condensing the water vapors from
the flue gas is proportional to the quantity of the condensate collected [27]. The benefits
of the condensate’s return to the boiler include fuel savings, make-up water savings, and
chemical and treatment costs’ reduction. The less condensate that is discharged into a sewer
system, the lower the disposal costs. The return of the high purity condensate also reduces
energy losses due to boiler blowdown. Significant fuel savings occur as most returned
condensate is relatively hot, reducing the amount of cold make-up water feeding the boiler.

Finally, the process condensate, together with the flue gases, can be utilized for the feed
water and air preheating; however, further study is needed. Employing the reuse of the
heat condensate with the exhaust flue gases for the feed water and air preheating using the
boiler feed tank and an air preheater leads to increased energy efficiency, simultaneously
reducing the environment impact by lowering losses. Above all, the substitution of natural
gas with a renewable energy source, i.e., solar energy, provides the best results regarding
the fuel savings and environmental protection [28].

Over the last decades, scientists have started exploring hybrid heat recovery systems
(HHRSs) for reusing a high amount of flue gases’ thermal energy by combining more than
one purpose, such as combining electricity generation, heating, cooling and energy storing,
resulting in energy, fuel, and input water/air savings [29]. Jamil et al. studied the waste heat
recovery (WHR) system, which can be utilized to heat the boiler return water, boiler supply air,
and building heating air, for the purpose of capturing sensible and latent heat from flue gas [30].
However, most of the studies are designed to only utilize the heat recovered from exhaust flue
gases. The novelty of this study is the impact of a hybrid system in polyisoprene production,
which combines natural gas, solar energy, flue gases’” heat recovery, and condensate heat
recovery. The environmental analysis showed a reduction in natural gas consumption while
simultaneously diminishing the flue gases” exhaust temperature and volume when using both
an air preheater, the boiler feed tank allowing condensate recycling, and solar energy. The
presented combination of sources provides greater efficiency improvements in polyisoprene
production and is also environmentally acceptable.

2. Process Data and Methods of the Energy Efficiency Improvements

The purpose of the paper is to provide a preliminary assessment of the quality and
quantity of useful waste heat potential in the proposed polyisoprene footwear production
plant (latitude ¢ = 45°49’ N, longitude A = 15°58' E). Two major waste streams identified
are the hot condensate and the boiler exhaust flue gases. The proposed heat recovery appli-
cations involve two major optimization potentials together with their combinations. The
first is the waste heat utilization method, which uses the heat potential of flue gases and air
preheating by installing the air preheater (AP). The second proposed optimization describes
the energy potential of condensate heat recovery (CHR). Further process optimization is
analysed by applying both flue gases and condensate heat recovery together with solar
energy (AP + CHR). The results of the study are shown in relation to potential fuel savings,
as well as in the flue gases” exhaust temperature and in the decrease in quantity.

This study presents the energy consumption in the continuous manufacturing process
of polyisoprene production, and such a process requires large amounts of thermal and
electrical energy as well as water. To evaluate such a system, a realistic study is carried
out using the industrial process data. A flow diagram of the process is shown in Figure 1,
where the following operations are presented: polymerization, surge vessel, solvent strip-
per, dewatering, drier, baler, and packaging. The basic process needs electrical energy in
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the amount of e.= 0.893 kWh, /kgp, which is supplied from the grid and used by polymer-
ization vessel (e = 0.261 kWh/kgp), dewatering machine (e.= 0.328 kWh, /kg;), baler
(ee= 0.152 kWhe /kgp), and packaging machines (ee = 0.152 kWhe /kgp) [31].

CATALYST SOLVENT MONOMER

ELECTRICAL ENERGY

—_—>
e
POLYMERIZATION
VEStSEL
CATALYST YD
DEACTIVATOR ) f/ %j e RsEcslj(filﬁE'D
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\}\ ) )
FLUE GASES L/\,a,{\\
f SURGE VESSEL
BOILER BOLERSTEAM . SOLVENT STRIPPER
g CONDENSATE
l
o ELECTRICAL ENERGY WASTE WATER
w DEWATERING
<
2
@
o i Y FLUE GASES
—> DRYER —>
ELECTRICAL ENERGY Y
BALER
ELECTRICAL ENERGY l
PACKAGING

Polyisoprene rubber

Figure 1. Block flow diagram of polyisoprene rubber production.

The dry saturated steam in the amount of dg = 1.320 kgg /kgp is produced in a boiler
with efficiency ng= 70% and is supplied to the solvent stripper with a temperature of
ts = 121 °C (394 K). The process also uses cold water for polymerization in the amount of
dw = 3 kg, /kgp. The present study of energy consumption in the polyisoprene produc-
tion process, working in two shifts at rate Dp, = 12,000 tp/yearly, is carried out. The plant
works 16 h in a day, 25 days in a month (t = 16 h/day = 400 h/month = 4000 h/year =
25 days/month = 250 days/year = 10 months/year); therefore, the plant use factor be-
comes 3 = 45.66%.
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The production capacity is calculated as:
Dp 12,000 tp/
Dp, = =" = “Joooh/year = 3 t/h = 3000 kg/h (1)

Dp, = 48,000 kg/day — Dp, = 1.2 x 10° kg/month — Dp,= 12 x 10° kg/year

Feed water enters the boiler with temperature tpy, = 24 °C (297 K), and the whole
condensate with temperature tc= 104.4 °C (377.4 K) is withdrawn to the surrounding.
The air required for combustion passes into a firebox with temperature t,, = 24 °C (297 K),
while the temperature of the exhaust stacks is trg,, = 204 °C (477 K), Figure 1 [31].

The natural gas with composition 0.85% CO;, 0.56% Ny, 98.05% CHy, 0.36% CoHg,
0.12% C3Hg, 0.05% C4H7g, and 0.01% CsH;y, is burned with the excess air coefficient
o = 1.25. Based on this composition, the lower heating value of the fuel is calculated
by the following formula [32] as:

Hy = 358 x CH,+640 x CoHg+915 x C3Hg+1190 x C4Hyo+1465 x C5Hy,

Hy = 358 x 98.05+640 x 0.36-+915 x 0.12+1190 x 0.05+1465 x 0.01 = 35,516.25 kJ /m> @
The heat transferred to the boiler per unit of product is:
gs,= ds x (hs — hp)=1.320 x (2708 — 100.4)= 3442.03 kJ /kgp 3)

where hg (ts = 121 °C (394 K)) and hg (tpw, = 24 °C (297 K)) are the steam and water
enthalpies taken from thermodynamically tables [33].
From this data, the unit volume of the fuel requirement using heat balance is:

VE,= qg/ (H X )= 3442.03/(35,516.25 x 0.7) = 0.1384 m’p/kgp (4)

The fuel consumption becomes:

VE, = Vg, XDp, = 0.1384x3000 = 415.2 m®s/h 5)
"VE, = 66432 m3;/day — Vg, 0.166x10° ms/month — Vg = 1.66x10° mg/year

The heat transferred to the boiler becomes:

Qp, = Vg, xHp x ng= 415.2x35,516.25x0.7= 10.32x10° kJ /h ©)
"Qp, = 165.2x10° kJ /day — Qp_ = 4.13x10° kJ/month — Qp,= 41.3x10” kJ /year

The specific steam consumption is:
ds,= ds/vp,= 1.320/0.1384= 9.537 kgg / kg (7)
The heat of the condensate is calculated as:
qc, = dc X hypa4 °c = 1.320%505 = 666.6 k] /kgp (8)

where hjp4 4 oc = hc is enthalpy value taken from thermodynamically tables [32].
The whole quantity of condensate from the process is calculated as:

Dc = Ds = dc x Dp = 1.320 x 3000 = 3960 kg /h )

D¢ = Dg = 3960 kg /h with temperature tc = 104.4 °C (377.4 K) is withdrawn to
the surrounding.

2.1. Exhaust Product Analysis

The products of fuel combustion are mostly gaseous. For complete gas combustion,
25% excess air is supplied (excess air coefficient o« = 1.25). The minimum oxygen volume Vg,
and stehiometric air volume V, are required for combustion [34].

The minimum oxygen volume ng (m3 0,/ m3fue1) is calculated as:
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B =001 x [2x CHy + X(x+¥) x C,Hy]

1
B, =001 x [2x 98.05+ (2+§)x036 + (3+5) x0.12 + (4+10) x0.05 + (5+12) x0.01| = 19837 m® o, /me 10)
The minimum air volume V, (m3,/ m3fue1) is calculated as:
m
_ Vo, _ 1.9837 3 3
Va= g = 5oy = 94d6m’a/m’ (11)
The actual volume of air calculated with the excess air coefficient « = 1.25 is:
Vao = Vax o = 9.446 x 1.25 = 11.807 m?, /m°x (12)
Volume of each gas component is calculated using following expressions:
The volume of carbon dioxide:
Vco,= 0.01 x [CO, + ¥ xCyHy] 13)
Vco, = 0.01 x [0.854+98.05+2 x 0.36+4 x 0.05+5 x 0.01] = 1.0023 m® co, /m’k
The volume of water vapor:
V0= 0.01x(0.05y x C,Hy)+[(Vaxa x d)/p] (14)
Vi,0= 0.01 X [2 X 98.0543 X 0.036+4 x 0.1245 x 0.05+6 x 0.01] + 246xXLIx0I3 _ 3 152 mB3yy /m’
where d = 0.13 kg/m? is air moisture and p = 0.805 kg/m? is steam density.
The volume of nitrogen:
0.56 3 5
VN, = ax[(0.79 xVa) + (N/100)] = 1.25 x ( 0.79x9.446 + 72" )= 9334 m® n, /m’r  (15)

The volume of oxygen:
Vo, = 0.21 x (t—1)xV, =021 x (1.25 — 1) x9.446 = 0.4959 m3 02/m3p (16)

The total volume of flue gases is summed by adding together the volume of carbon dioxide,
water vapor, nitrogen unconsumed during the combustion process, and excess oxygen:

ViG = Vo, + Vo + Vn, + Vo, = 1.0023 + 2.152 + 9.334 + 0.4959 = 12.984 m%pg/m’  (17)

The component percentage in flue gases’ composition:

1.0023

Oy = Tpogq = 772% (18)
H0 = %: 16.57% (19)
N, = %: 71.89% (20)
0, = %: 3.82% (21)

The specific heat of exhaust gases with temperature trg, = 204 °C (477.15 K) and
the percentage by volume of products, as well as the specific heat of each gas, should be
obtained [35]:

— o, o, o, — o,
e = CPco, X /OVC02+CpH2 o X% Vi,0 +cpN2 X PVN,= Cpo, % Vo,

22
Cpye = 1.827%0.0772+4-1.5227x0.1657+1.310x0.7189+1.3415x 0.0382= 1.3864 k]/m3FGgrad (22)
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The energy derived on complete combustion per unit volume of natural gas or per
unit of polyisoprene product depends on the total flue gases’ volume (Vgg,), specific heat
(cpy), and flue gases” temperature (tFGBO):

ArGe = VEGE XCpyg X trGy, = 12.984x1.3864 %204 = 3672.2 Jrg /m’E (23)
drc,= rc, X VEp= 3672.2x0.1384 = 508.23 Kl /kgp (24)

The volume of exhaust flue gases per unit of the product rejected to the surrounding
in the basic process is:

VEGy = VEG, X VE, = 12.984x0.1384 = 1.7969 m%g /kgp (25)
The fuel consumption is:
Vg, = Dp, xvg = 3000 x 0.1384 = 415.2 m*r/h (26)

The volume of the exhaust flue gases per hour rejected to the surrounding in basic
process is:
ViG, = VEGy X VEn = 12.984x415.2 = 5390.95 m*rg /h (27)

2.2. Air Preheating Using Heat of Exhaust Flue Gases in Air Preheater

The conventional furnace units within the boiler produce large amounts of the exhaust
flue gases, which are released directly into the environment, releasing large amounts of the
waste heat and leading to environmental pollution. Using the heat pipe heat exchanger
(HPHE), also known as the air preheater (AP), reduces the primary energy consumption
and protects the environment. The air preheaters (AP) with the heat pipe units are effective
in heat recovery. They are characterized by compactness, a lack of parts, light weight,
relative economy, smaller pressure-drop of fluid flow across, complete separation of hot
and cold fluids, and reliability [23].

To improve process plant efficiency, the exhaust flue gases could be used to preheat
air, which is required for fuel combustion. The summary of the process’ optimization
is shown in Table 1. The flue gases with the temperature tpg ap, = 204 °C (477.15 K) in

the amount of Vgg, = 12.984 m3rg/ m°p enter the heat exchanger, i.e., an air preheater
with efficiency nap = 90% (Figure 2). The ambient air enters the air preheater with the
temperature t,,, = 24 °C (297.15 K). The excess air coefficient is « = 1.25, and the ac-

tual volume of air becomes V.4 = 11.807 m3,/ m3p. The specific heat of flue gases is
Cpp, = 1.3864 K]/ m3FGgrad and, for air, ¢, = 1.29 kJ/ mBagrad.

Table 1. Summarized data in process with air preheating (AP).

Fuel Flue Gases’ Condensate Rejected to the
Process Consumption Volume Surroundings
vi (m°pG/kgp) v (m’pc/kgp) dc (kgc/kgp)
Basic 0.1384 1.7969 1.320
Fuel Flue gases’ Condensate rejected to the
Process consumption volume surroundings
Vi (m’pg/h) Vig (m’rg/h) Dc (kgc/h)
Basic 415.2 5390.96 3960
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Figure 2. Process of polyisoprene rubber production with air preheater.

The air preheater (AP) acts as a heat exchanger, preheating the combustion air be-
fore entering the boiler [36]. A simple air preheater (AP) designed as the heat pipe heat
exchanger (HPHE) acts as an air-to-air heat recovery device, where the latent heat of vapor-
ization is utilized to transfer heat with a corresponding low-temperature difference [18].
The air preheaters are usually designed as closed tubes filled with a proper working fluid
and are divided into three groups: (a) a conventional heat pipe (CHP), a two-phase closed
thermosyphon (TPCT), and an oscillating heat pipe (OHP) [23].

The high flue gases’ outlet temperature exhaust gases from the boiler to the surround-
ings. However, flue gases’ temperature can be lowered using an air preheater system,
simultaneously resulting in smaller fuel consumption, and thus solving the problem of
clean energy generation.

The air preheater heat balance equation [34] is:

Vag XCp, X (taAPo - taAPi ) = Vay XCp, X (tFGAPi - taAm) XNap= VFGe X Cppg X (tFGAPi - tFGAPO) (28)

The air preheater air outlet temperature (ta,, ) can be calculated using the air preheater
heat balance equation, while tpg, = teg,y, = 204 °C (477.15 K):

Vag X¢p, X (thAP, - taAP.) XTAP 11.807x1.29 x (204 — 24) x0.9
— 1 1 — . . . _ o ) 9
tar, T Hanp, 807159 +24 =186 °C (459.15 K)  (29)

The ambient air with temperature at t,,, =24°C(297.15 K) in volume

Vao= 11.807 m3, /m>f passes through the air preheater, where they are heated by flue
gases to a temperature of ta,, = 186 °C (459.15 K).

The flue gases’ outlet temperature (tgg ;) can also be calculated using the air preheater
heat balance equation:
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Vag X¢p, X (tFGApi - taApi) “NAP o, 11.807x1.29 x (204 — 24) x0.9

VEGr X Cpre 12.984x1.3864

tFGap, = tFGap, — — 66.93°C (340.08 K) (30)

The flue gases’ heat recovery in process with air preheating:

Ay, = VEGE X Cpg X VEp (teGar, — trGap, ) = 12984x1.3864x0.1384 x (204 — 66.93)= 343.951 Kpc/kgp ~ (31)
The natural gas savings in process with air preheater:
VEaps = IrGp, , /HL= 343.95/35516.25= 0.00968 m>r /kgp (32)
The natural gas consumption is:
VEpp= VEp — VEup = 01384 — 0.00968= 0.12872~ 0.13 m’r /kgp (33)
The fuel consumption becomes:

VFAPh = vp,p XDp, = 0.12872x3000 = 386.16 m3g/h

"VE,p, = 617856 m’g/day — Vg, = 0.15446x10° m’/month — Vg, = 1.5446x10° mr/year (34)
The heat transferred to the boiler becomes:
Qpp, = VEup, XHL X 5= 386.16x35516.25%0.7= 9.8x10° k] /h (35)

*QBAPd = 153.6x10° k] /day — Qg = 3.84x10° kJ/month — QB,py = 38.4x10° kJ/year

Comparison made with a basic process without flue gases” heat recovery for air
preheating shows natural gas savings in the amount of:

Sk = (V Fp VFAP)/VFP: (0.1384 —0.12872) /0.1384 = 0.0699 = 6.99 ~ 7% (36)

The volume of exhaust flue gases per unit of the product rejected to the surrounding
in the process with the air preheater is:

VEGap, = VEGe XVE,p= 12.984x0.12872= 1.671 m’rq /Kkgp (37)

The volume of the exhaust flue gases per hour rejected to the surrounding in the
process with air preheater is:

VEGap, = VEG X Vi, = 12.984x386.16 = 5013 m’s /h (38)

Air preheating using the flue gases’ heat recovery results in natural gas savings of 7%, the
flue gases’ exhaust temperature is decreased from 204 °C (477.15 K) to 66.93 °C (340.08 K),
and the volume of the flue gases is lowered from vgg,= 1.7969 m3gg/ kgp to
VEG yp, = 1.671 m’pg/kgp or by 7.01%.

2.3. Condensate Heat Recovery

Reusing the water and sensible heat contained in the condensate discharged from the
process leads to significant energy and gas savings, chemical treatment, and make-up water
reduction. In this study, the condensate is simply returned and mixed with the make-up
water to increase the temperature of the feed water entering the boiler and thus decreasing
the gas consumption to heat the water for process steam production. By sending the hot
condensate back to the boiler’s deaerator and heating the feed water, fuel costs can be
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reduced by as much as 20%. Since less energy is required to turn water into steam, this also
leads to the plant’s carbon footprint reduction.

The high temperature condensate is usually discharged to the surroundings, thus
increasing the thermal pollution; however, it can be reused in the production process.
Some of the ways to use the condensate waste heat include steam production replacement
by heat energy production, the implementation of the condensate heat recovery (CHR)
system, and feed water preheating [37]. The high-temperature condensate is mixed with
make-up water entering the boiler feed tank and is returned back into the boiler feed tank,
facilitating condensate recycling. The process” steam eventually condenses through cooling
and can be recirculated back to the boiler, thus recovering some sensible heat loss and
reducing the need for fresh-treated feed water. This contributes significantly to the primary
energy consumption in the utility system, and this substantial saving on energy costs and
chemicals makes building a return piping system attractive, as seen in Table 2 [38,39].

Table 2. Summarized data in process with condensate heat recovery (CHR).

Fuel Consumption Flue Gases’ Volume Condensate Rejected to the Surroundings
Process
vi (m°pc/kgp) vig (m’rG/kgp) dc (kgc/kgp)
Air preheating 0.1287 1.671 1.320
Fuel consumption Flue gases volume Condensate rejected to the surroundings
Process
VE (m’pg/h) Vig (m’kc/h) Dc (kg /h)
Air preheating 386.16 5013 3960

In the synthetic polyisoprene production, significant natural gas savings are possible
if the process condensate is recovered and used to preheat boiler feed water (Figure 3). In
this case, 90%, i.e., dc, = 1.188 kg, /kgp= 3564 kg /h, of condensate with temperature
tc=104.4 °C (377.55 K) is saturated and mixed with make-up water in the amount of
dw = 0.132 kg, /kgp with temperature ty= 24.4 °C (297.15 K) in the boiler feed tank.

FLUE GASES Solvent
A Catalyst Monomer
204°C __tFGAP. ts
' CONDESATE dg,
A PROCESS
el OPERATIONS

P i

Polyisoprene
BOILER rubber

o’

—— trw=ty=96.36°C

AIR
FUEL

MAKE-UP WATER

1] 24.4°C
J‘m/\v—(—|—
tw

BOILER FEED
TANK

Figure 3. Process of polyisoprene rubber production with the condensate heat recovery.
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The mass of the saturated steam is ds= 1.320 kgg /kgp= 3960 kgg /h. Assuming that
the mixing of the saturated process condensate and the make-up water takes place adiabat-
ically, the boiler feed water will enter the boiler with the temperature:

trw,, = {(dc, xtc)+[(dg —dc,) x t,,]}/ds = {(1.188 x104.4)+[(1.320 — 1.188) x 24]}/1.320= 96.36 °C (39)
Using the heat balance, the natural gas consumption can be calculated as:
Vie = [dsx (hg —hm)]/(Hy xnp) = [1.320 (2708 — 403.45)]/(35,516.25 x0.7) = 0.122 m’r /kgp (40)

where hg (ts= 121 °C (394 K)) and hg (tpw, = 24 °C (297 K)) are the steam and water en-
thalpies taken from thermodynamically tables [33].
The fuel consumption becomes:

VE, = Vi xDp, = 0.122 % 3000 = 366 m’g/h (41)
The fuel consumption is calculated, respectively, as:

Vi, = 5856 m’r/day — V.= 0.1464x10° m’r/month — Vi, = 1464 x 10° m®g /year (42)

The heat transferred to the boiler becomes:
QBch = Vi, xHL X ng= 366 x 35516.25x0.7= 9.099 < 10°kJ/h (43)
The heat transferred to the boiler is calculated, respectively, as:

Qp,= 145.59x10° k] /day — Qp._= 3.639x10° kJ/month — Qg , = 3639 x 10” k] /year (44)
The specific steam consumption becomes:

dsp.= ds/ve.= 1.320/0.122= 10.82 kgg/m’F (45)
The process heat for feed water heating is:

e, = dc, xhe, = 1.188x437.12= 519.3 k] /kgp (46)

where hc, is the enthalpy value taken from thermodynamically tables [33].

The process with the condensate heat recovery could be compared with the basic
process, i.e., the process without condensate heat recovery, and this comparison shows
natural gas savings in the amount of:

Skc= (Vg, — VE.)/ Vg, = (01384 —0.122)/0.1384= 0.1185= 11.85~ 12% (47
The condensate heat, which is ejected to the environment, is:
qc, = dc, xhc, = 0.1312x437.12= 57.7 K] /kgp (48)

From the above calculated data, it can be concluded that the thermal pollution de-
creases from 666.6 k] /kgp to 57.7 K] /kgp or by 91.34%.

The flue gases’ volume rejected to the atmosphere with temperature tpg= 204 °C = 477.15K
in this case becomes:

V]:GCP = VFGF ><V1:C = 12.984%x0.122= 1.584 mEFG /kgP (49)
or, calculated per hour:

ViGe, = ViGy X Vi, = 12.984x366 = 4752.14 m’k /h (50)
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The volume of the flue gases is lowered from vgg,= 1.7969 m3pg/ kgp to
VEG.= 1.584 m /kgp or by 11.84%.

2.4. Air Preheating with Flue Gases in Process with Condensate Heat Recovery

The air, which is essential for natural gas consumption, should be preheated with
the flue gases together with the condensate heat recovery in order to increase the process’
overall efficiency (Figure 4, Table 3). The heat of the flue gases will be delivered to the
combustion air in an air preheater unit with the efficiency of nap = 90%. The flue gases’
temperature of tpg= tpg A, ™ 204 °C (477.15 K). The fuel consumption calculated earlier is
vp. = 0.122 m3p/kgp, and the flue gases outlet temperature tgg ap, = 06.93 °C (340.08 K).
The volume of the flue gases is Vpg, = 12.984 m®pg/ m’g. The specific heat of flue gases
was calculated as cprg= 1.3864 k] / mrg grad.

Solvent

Catalyst Monomer
FLUE GASES
<« tg

CONDESATE dc,
g PROCESS
2040 ——trg, d2i OPERATIONS
A Polyisoprene
BOILER rubber

— tpw=tm=96.36°C

COOLED FLUE
FUEL

GASES
FG, .
a3 ; AIR PREHEATER MAEPANATER

p——— 24.4°C
— e —
T ta, 24T tw
BOILER FEED
TANK

Figure 4. Process of polyisoprene rubber production with combination of air preheating using flue

gases and the condensate heat recovery.

Table 3. Summarized data in process with air preheating and condensate heat recovery (AP + CHR).

Condensate Rejected to the

Fuel Consumption Flue Gases’ Volume S di
Process urroundings
v (m’pc/Kgp) v (m’pc/kgp) dc (kgc/kgp)
Air preheating and 011353 1.474 0132
condensate heat recovery ' ' '
. , Condensate rejected to the
Fuel consumption Flue gases’ volume di
Process surroundings
Ve (m’kG/h) Ve (m’rc/h) Dc (kgc/h)
Air preheating and 340.59 4422.22 396

condensate heat recovery

Considering the above-mentioned data, the flue gases’ heat recovery in the process
combining air preheating using flue gases and condensate heat recovery is calculated as:
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Uy, = VFGe Ve X Cprg X (tFGAPCi — thGype, ) =0.122x12.984x1.3864 x (204 — 66.93)= 301.023 kJgc /kgp  (51)

or, expressed as the amount of natural gas savings in the process combing both air preheat-
ing and condensate heat recovery:
The natural gas consumption is now:

VEap, = VEc—VEjp, = 0122 — 0.00847= 0.11353~ 0.11 m’¢ /kgy (52)
S
The fuel consumption is calculated, respectively, as:
Vi, = 54944 m*/day > Vi, =0136236x10° m*g/month — Vi, = 1.36236x10° ms/year  (53)

The heat transferred to the boiler becomes:

Qsc,, = Vic,, XHLxnp= 340.59x35516.25x0.7= 8.467x 10°KJ/h (54)
h h

The heat transferred to the boiler is calculated, respectively, as:
Qbe,, = 13548x10° k] /day — Qg . = 3.387x10” k] /month — Qe ,, = 33.87% 10° kJ /year (55)

Comparison made with a basic process without flue gases” heat recovery for air
preheating and process without condensate heat recovery shows natural gas savings in the
amount of:

SFCAP: (VFP - VFAC)/VFP: (0.1384 — 0.11353)/0.1384= 0.1797=17.97% ~ 18% (56)

The volume of the exhaust flue gases per unit of the product rejected to the surrounding
in the process with the air preheater combined with condensate heat recovery is:

VEGy, = VEGE XVE, = 12.984x0.11353= 1474 m’rg/kgp (57)

The fuel consumption is:

Vicp, = PPy XVEyp, = 3000 x 0.11353= 340.59 m®p/h (58)

The volume of exhaust flue gases per hour rejected to the surrounding in the process
with the air preheater combined with condensate heat recovery can be calculated as:

VEGe,y, = ViG X Vic,, = 12984x340.59= 4422.22 m?rc/h (59)

Air preheating using the flue gases’ heat recovery and condensate heat recovery results
in natural gas savings of 18%, and the flue gases’ exhaust temperature is diminished from
204 °C (477.15 K) to 66.93 °C (340.08 K), while the volume of the flue gases is reduced
from vgg, = 1.7969 m3rg/ kgp to viG Ap = 1.474m3gg / kgp or also by 17.97%.

The make-up water could be pretreated to avoid corrosion and to reduce total sus-
pended solids by applying the clarification or filter systems. The reduction in total sus-
pended solids can reduce the potential for the settling of solids in the circulating water
system, thus improving maintainability. Another important step is water softening in order
to eliminate calcium, magnesium, and iron in the process system [40].
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2.5. Solar Energy Application in Polyisoprene Footwear Production

Since significant concerns are raised regarding greenhouse emission in the fossil fuel
combustion process, and since the majority of industrial applications still rely on classical
fossil fuel sources, scientist have attempted to facilitate renewable energy options to speed
up the clean energy transition and reduce production cost. Another major concern has been
raised regarding fossil fuel’s market price, which has been fluctuating considerably due to
global COVID-19 pandemics, wars, and supply chain interruptions. There is a wide range
of renewables suitable for application in households; however, large-scale industrial plants
use a substantial amount of versatile energy sources and require a lot of fast energy inputs.
This study was performed for the proposed solar application (Figure 5) in polyisoprene
footwear production for the combined system on location ¢ = 45°49’) with a collector field
of 12.936 x10° m2. The summary of the process optimization is shown in Table 4.

¥

L 4

[ M CONDESATE
A PROCESS >
OPERATIONS
COLLECTOR RS E
FIELD Polyisoprene
BOILER 4 rubber

COOLED FLUE
GASES

66.93°C lFGApo

AIR PREHEATER

1.
anp.
tpyy =96.36°C AF|

24°C

AT EXCHANG,

204°C L
186°C —t
anp,,
FEED WATER
24C MAKE-UP
T, WATER

CLOSED BOILER
FEED TANK

Figure 5. The solarized process of polyisoprene production with condensate heat recovery and air

preheating using flue gases.

Table 4. The comparison of the fuel consumption, flue gases’ volume, and fuel savings between the
processes with solar energy application.

. Fuel Flue Gases’ Fuel

Type of the Solarized Process Consumption Volume Savings
Vg (m®pg/h) Vig (m®gg/h) S (%)
Basic 146.51 1902.28 64.71
Air preheating 117.35 1523.67 69.6
Condensate heat recovery 97.71 1262.17 73.44
Air preheating and condensate 71.79 932.12 78.92

heat recovery
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The useful daily solar radiation (Q,,) can be calculated from the monthly average daily
radiation (Q,) and solar collector efficiency (n.), which differ during the one-year span
from 65% during summertime and 50% in transition to 25% in the wintertime.

Qu= Q;xN. — (kJ/m? daily) (60)

The required solar collector area is expressed as:
A =FxQp, /Qu=125x13548x10°/Q, — (m2> (61)

where F = 1.25 is the security factor for the large collector installation and
Qp N 135.48 x10° k] /day is the daily heat input to the boiler in the plant with air pre-
heater and condensate heat recovery.

The mean flat plate collector area is calculated on the basis of the average values for
the area during the summer period, as seen in Table 5 (June, July, August):

A = Ag_5/3 = 3881 x 103/3 = 12.936 x 10° — (mz) (62)

Table 5. The installed field of the flat plate collectors is located at the location (¢ = 45°49’), and the
total useful radiation on the horizontal surface is calculated.

Average Daily . Monthly
Radiation Collector Useful Daily Collector Days Per Useful
Month 0 ! Efficiency, Radiation, Area, Month, Energy,
(10° if/m?) Ne (%) Q,(10% kJ/m?) A (10° m?) dm (days) Om
(10° kJ/month)
February 6.5 25 1.63 103.89 28 0.59
March 9.7 25 2.43 69.69 31 0.974
April 14.8 25 7.4 22.28 30 2.872
May 19.3 50 9.65 17.55 31 3.869
June 20.6 50 13.4 12.66 30 5.084
July 21.3 65 13.85 12.22 31 5.554
August 18.7 65 12.16 13.93 31 4.876
September 14 65 7 24.19 30 2.716
October 8.6 50 2.1 80.64 31 0.842
November 3.6 25 0.9 188.16 30 0.34927
Qy=2Qp 26.73 x 10°

The monthly useful solar energy with mean collector area can be received using the
following equation: -
Qm = Qu X A X dm =— (kJ/monthly) (63)

where dp, are days in the month.
The total useful yearly solar radiation is:

Qy= Q= 26.73x10° — (k] /yearly) (64)

The solarized process in all examined cases is shown:
1. Basic process (process without process condensate and flue gases” heat recovery)
Natural gas consumption is [41]:

Vg = (QBy — QY) /HL x ng= (41.3 x10° — 26.73x10%) /35516.25x 0.7

(65)
VEg= 586 x 10° m3g, /year = 146.51 m% /h
and fuel savings becomes [41]:
Sks, = (VE, — Vr)/VE,= (415.2 — 146.51)/415.2= 0.6471= 64.71% (66)
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The volume of exhaust flue gases is [41]:
VrGs= Vrgp X Vg = 12.984 x 146.51= 1902.28 m3FG5 /h (67)

2. Process with air preheater
Natural gas consumption is [41]:

Vi, = (QBAy - QY) /Hp, x ng= (384 x 10° —26.73 x 10”)/35516.25 x 0.7

(68)
= 469.4x10° m3p_,, /year = 117.35 m%¢_,, /h
and fuel savings becomes [41]:
Sas = (VEa, = Vi) /VEa, (69)
= (386.16 — 117.35) /386.16= 0.696= 69.6%
The volume of exhaust flue gases is [41]:
VEG,s = VEG X VE o= 12.984 x117.35= 1523.67 mSFGCAS /h (70)
3. Process with condensate heat recovery using feed water tank
Natural gas consumption is [41]:
VEes = (QBCy - QY) /Hp xng= (36.397 x10° — 26.73x10”) /35516.25x0.7 1)
Ve = 388.84x10° m%p . /year = 97.21 m3g, /h
and fuel savings becomes [41]:
Skes = (VFCh - VFCS) /VEc, (72)
Spos= (366 —97.21) /366 = 0.7344= 73.44%
The volume of exhaust flue gases is [41]:
VEGes = VEG X V= 12.984x97.21= 1262.17 m*gg s /h (73)

4. Process with condensate heat recovery and combustion air preheating using flue
gases (Figure 5)
Natural gas consumption is [41]:

Vises = (Qpac, — Qv ) /Huxnp= (3387 x10° — 26.73x10°) /35516.25%0.7

Ve o= 287.19%x10° m®p,, /year = 71.79 m%g_, /h 7
and fuel savings becomes [41]:
Skacs = (VEAG, — VEacs) / VEac, 75)
= (340.59 — 71.79)/340.59= 0.7892= 78.92%
The volume of exhaust flue gases is [41]:
VEGacs = VFG X VE, g = 12.984x71.79= 932.12 mSFGACS /h (76)

3. Cost and Savings Analysis

The total installation costs of solar thermal system range from minimum 286 €/ mz,
average 1510 €/m?, to maximum 3372 €/m? [42]. The yearly consumption of heat trans-
ferred to the boiler in the basic polyisoprene footwear production process was previously
calculated as Qg = 41.3x 10° kJ/year. For the purpose of this cost analysis, we calculated

the price of the average system cost of 1500 €/m?. With the proposed collector field of
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12,936 m? and the price of the specific system cost of 1500 €/ m?, the whole installation cost
is calculated as 19.4 million EUR. Input data for the cost analysis are explained in Table 6.

Table 6. Input data.

Cost Item Analysis
Average gas price for 1 MWh in Europe (www.barrons.com accessed . 3
on 26th July 2022) 198 €/MWh = 2.09 €/m
Investment cost prediction 1500 x 12936 = 19,404, 000€
Annual consumption of heat transferred to the boiler in the basic process Qp, = 41.3% 10° kJ /year
Annual specific useful energy gain for flat-plate collectors in kWhrt / mzyear 2
(Maraj et al., 2019) 664 kWhr /m’year
Annual specific useful energy gain for flat — plate collectors kJ / mzyear 2.39%x10° kJ/ mzyear
Annual production of heat with solar-based hybrid system Qs, = 12936 x 2.39% 10°= 30.92x10° kJ/year
Annual gas consumption in basic system Vry= 1.66x 106 m3g/ year

Additional annual maintenance costs will be assumed zero.
Annual fuel cost in the basic polyisoprene footwear production system:
Cp=2.09x1.66x10°= 3,469,400 = 3.4694x10° € /year (77)

The annual fuel costs and savings are summarized in Table 7 as calculated earlier in
the text.

Table 7. Annual fuel costs and cost savings for the solar-based process variants.

Annual Fuel

. Annual Fuel Cost Cost Savings
Consumption
Process Variant

VFSy Cr CFsh

(m3g/year) (€/year) (%)

AP 1.56x10° 3.26x10° 6.05
CHR 1.46x10° 3.05%10° 12.39
CHR and AP 1.36x10° 2.84x10° 18.16
Solar basic 0.59x10° 1.22x10° 64.84
Solar with AP 0.47x10° 0.98x10° 71.75
Solar with CHR 0.39x10° 0.81x10° 76.65
Solar with CHR and AP 0.28x10° 0.60x10° 82.71

Calculated for average gas price.
The payback period equals the share of investment and annual savings, and thus becomes:
Tr = 19,404,000/3, 469,400 = 5.6 years (78)

4. Results and Discussion

All of the industrial process, and therefore the polyisoprene footwear production, be-
ing one of them, generates large amounts of the waste heat that could be utilized back in the
process, resulting in energy optimization, cost reduction, and a decrease in environmental
pollution. In order to improve energy efficiency through the minimization of natural gas
consumption and pollutants” emission in the polyisoprene footwear production process,
four basic optimization process methods are presented.

Due to the recent growth of the fuel prices and growing concern regarding global
warming and environmental pollution, waste heat recovery provides a sound basis with
which to optimize the production, simultaneously preventing hot exhaust flue gases’ release
to the environment. The process with air preheating using exhaust flue gases resulted in
the flue gases’ volume decreasing by 7.01%. A further reduction in the exhaust flue gases’
volume was shown in the process using condensate heat recovery, which lead to a decrease
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of 11.84%. However, the highest reduction in the volume of the exhaust flue gases was
achieved in the process combining both air preheating using the flue gases” heat recovery
and condensate heat recovery, leading to a decrease in volume by as much as 17.97%.

The basic process becomes energy efficient and environmentally friendly by decreasing
fuel consumption through reusing waste condensate and flue gases’ waste heat (Table 8).
The use of condensate heat recovery decreased the thermal pollution by 91.34%. There are
numerous benefits from the condensate heat return provided by this study, from fuel and
make-up water savings to costs reduction. Less condensate discharged into a sewer system
reduces disposal costs. Significant fuel savings occur as returned condensate decreases the
amount of cold make-up water feeding the boiler.

Table 8. Comparison of fuel saving among proposed optimization processes in polyisoprene footwear
production.

Fuel Flue Gases’ Flue Gases C.ondensate Fuel
Consumption Volume Outlet Rejected to the Savings
Process P Temperature Surroundings 8
vp (mPpg/kgp) Vg (mPpg/kgp) tgg, (°C) dc (kgc/kgp) S (%)
Basic 0.1384 1.7969 204 1.320 -
Air preheating 0.1287 1.671 66.93 1.320 6.99
Condensate heat recovery 0.122 1.584 204 0.132 11.85
Air preheating and 0.11353 1.474 66.93 0.132 17.97
condensate heat recovery
Fuel Flue gases’ Condensate rejected to the
Process consumption volume surroundings
Vg (m%pG /h) VeG (m’pg/h) Dc (kg /h)
Basic 415.2 5390.96 3960
Air preheating 386.16 5013 3960
Condensate heat recovery 366 4752.14 396
Air preheating and 340.59 442222 396

condensate heat recovery

The calculated results of the presented energy consumption in the polyisoprene
footwear production process show the highest benefit when utilizing natural gas and
the solar energy system together with process condensate and flue gases’ heat recovery, as
summarized in Figure 6.

90,00
80.00
70,00
60.00
50.00

40.00

Fuel savings [%]

30.00
20.00
10.00 I
0.00 . I
AP CHR AP+CHR SOLAR BASIC SOLAR AP SOLAR CHR SOLAR AP+CHR

Figure 6. The fuel savings compared across all of the calculated processes.
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The results are based on the calculated natural gas requirements and the measured
data for solar radiation in polyisoprene production. In order to save natural gas, energy for
feed water and combustion air preheating with solar energy are presented. This calculation
includes data for selected location (¢ = 45°49") using a collector field of 12.936 x 10% m?.

The hybrid system with solar energy is computed for four options. Two of them
are analyzed in processes without process condensate heat recovery and the other two
are for processes wherein the return condensate was included. The results show natu-
ral gas savings in the basic process of 64.71%, in the process with an air preheater of
69.6%, in the process with a condensate return of 73.4%, and in the process with an air
preheater and condensate return of 78.92%. Finally, the volume of flue gases is lowered
from 5390.95 m3 - /h to 932.12 m} /h, while the flue gases outlet temperature decreases
from 204 °C (477.15 K) to 66.93 °C (340.08 K).

5. Conclusions

In order to improve energy efficiency through the minimization of natural gas consump-
tion and pollutants’” emission in the polyisoprene footwear production process, process with
air preheating using exhaust flue gases was analyzed. Using an air preheater for combustion
air preheating results in the exhaust temperature lowering to 66.93 °C (340.08 K), while the
volume of the flue gases is lowered to Vg app = 1671 m>p;/kgp. The energy and environ-
mental analysis shows that the efficiency increases when using flue gases for combustion
air preheating. Comparison made with a basic process without flue gases’ heat recovery
for air preheating shows natural gas savings in the amount of 7%. Further improvements
in the polyisoprene footwear production process could be made by using exhaust flue
gases’ waste heat and by reusing boiler condensate for feed water preheating, as well as
combining all methods to gain maximum natural gas savings.

The greatest energy savings were shown when combining all of the energy sources
together, i.e., the solarized process with flue gases” heat recovery using an air preheater
together with condensate heat recovery. The environmental analysis showed the greatest
reduction in natural gas consumption by up to 78.92%. The flue gases’ emission is reduced
from 5390.95 m3kg /h to 932.12 m3gg /h while the gases’ exhaust temperature is diminished
from 477.15 K (204 °C) to 340.08 K (66.93 °C). Future work should focus on both feed
water and air preheating using flue gases by transferring waste heat through not only air
preheater, but also through the incorporation of the economizer. This will lead to further
gas savings and thermal pollution reduction. Since the global economy is shaken by fossil
fuel reduction, other means of incorporating renewable energy sources should also be
investigated to achieve both environmentally friendly and cost-effective production.
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Nomenclature

Nomenclature
specific heat of water

specific heat of carbon dioxide

specific heat of nitrogen

specific heat of oxygen

specific heat of air

specific heat of flue gases

unit mass of process water per unit of product

unit mass of saturated steam for industrial process per unit
of product

unit mass of condensate used in industrial process per unit
of product

specific steam consumption for basic process per unit
of product

unit mass of specific steam consumption for process with
condensate heat recovery per unit of product

fuel consumption needed in process with condensate
heat recovery

unit mass of fuel consumption needed for feed water pre-
heating with air preheater in process with condensate
heat recovery

unit volume of fuel consumption needed for air preheating
with air preheater (AP)

fuel savings in process with air preheater

fuel savings in process with condensate heat recovery and
air preheater

hourly production capacity

daily production capacity

monthly production capacity

yearly production capacity

the rate of fuel consumption per hour in basic process
the rate of fuel consumption per day in basic process

the rate of fuel consumption per month in basic process
the rate of fuel consumption per year in basic process
quantity of condensate from the process

the rate of fuel consumption per hour in process with
air preheater

the rate of fuel consumption per day in process with
air preheater

the rate of fuel consumption per month in process with
air preheater

the rate of fuel consumption per year in process with
air preheater

the rate of fuel consumption per hour in process with
condensate heat recovery

the rate of fuel consumption per day in process with con-
densate heat recovery

the rate of fuel consumption per month in process with
condensate heat recovery

the rate of fuel consumption per year in process with con-
densate heat recovery

Symbol
CpHZO
CpCO;,
PN
Cp0O,

Cprg

dw
ds

P
ds,
dsp.

VE

VFarc

VEap

VFarg

VFAPCS

Unit
kJ/m3grad
kJ/m3grad
kJ/m3grad
KJ/m3 grad
kJ/m3grad
kJ/m3grad
kegpw /kep
kgs/kgp

kgc/kgp
kgs/kgg
kgg/m’p
m’p/kgp

m3g/ kgp

m’/ kgp

m3g/ kgp
m3g/ kgp

tp/h
kg/day
kg/month
tp/yearly
m3F / h
m3g/day
m3g /month
m3p /year
kg-/h
m3g/h

m3g/day
m31: /month
m3g/year
m’g/h
m3g/day
m®g/month

m3g/year
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the rate of fuel consumption per hour in process with
condensate heat recovery and air preheater

the rate of fuel consumption per day in process with con-
densate heat recovery and air preheater

the rate of fuel consumption per month in process with
condensate heat recovery and air preheater

the rate of fuel consumption per year in process with con-
densate heat recovery and air preheater

the rate of fuel consumption per hour in solarized basic
process

the rate of fuel consumption per hour in solarized process
with air preheater

the rate of fuel consumption per hour in solarized process
with process condensate heat recovery

the rate of fuel consumption per hour in solarized pro-
cess with condensate heat recovery and combustion air
preheating using flue gases

electrical energy consumption per unit of product
enthalpy of steam

enthalpy of boiler feed water

enthalpy of condensate

lower heating value

heat transferred to the boiler per unit of product

heat of condensate per unit of product in basic process
heat of process condensate to preheat water per unit of
product in process with condensate heat recovery
condensate heat discharged to the surroundings in process
with condensate heat recovery

energy released during complete combustion per unit
mass of the fuel

energy released during complete combustion per unit of
products

flue gas heat recovery in process with air preheater per
unit of products

flue gas heat recovery in process with condensate heat
recovery and air preheating

overall heat transfer rate to the boiler per hour in basic
process

overall heat transfer rate to the boiler per day in basic
process

overall heat transfer rate to the boiler per month in basic
process

overall heat transfer rate to the boiler per year in basic
process

overall heat transfer rate with air preheater to the boiler
per hour

overall heat transfer rate with air preheater to the boiler
per day

overall heat transfer rate with air preheater to the boiler
per month

overall heat transfer rate with air preheater to the boiler
per year

overall heat transfer rate to the boiler per hour in process
with condensate heat recovery

overall heat transfer rate to the boiler per day in process
with condensate heat recovery

Fcapa

dcg
dcp

dc,
9FGr
9rGp

qrGp,,

qFGpCAP

Qg,
Qs
Qg,,
Qs
QBAPh
QB,pq
QBpm
QB,sp,
QBCh

QBCd

].’I‘l3 F / h

3
m°g/day
m3g/month
m3g/ year
m3p/hour
m®g/hour
m3F /hour
m3p /hour
kWhe /kgp
KJ/kg
k] /kg
kJ/kg
kJ/m3
KJ/kgp
KJc/kgp
KJcp/kgp
KJc/kgp
K /m’p
KJrG /kgp
KJrg/kgp
KJrG/kgp
kJ/h
kJ/day
kJ/month
kJ/year
kJ/h
kJ/day
kJ/month
kJ/year

KJ/h

kJ/day
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overall heat transfer rate to the boiler per month in process
with condensate heat recovery

overall heat transfer rate to the boiler per year in process
with condensate heat recovery

overall heat transfer rate to the boiler per hour in process
with condensate heat recovery and air preheater

overall heat transfer rate to the boiler per day in process
with condensate heat recovery and air preheater

overall heat transfer rate to the boiler per month in process
with condensate heat recovery and air preheater

overall heat transfer rate to the boiler per year in process
with condensate heat recovery and air preheater

fuel savings in process with air preheater

fuel savings in process with condensate heat recovery
fuel savings in process with condensate heat recovery and
air preheater

fuel savings in solarized basic process

fuel savings in solarized process with air preheater

fuel savings in solarized process with process condensate
heat recovery

fuel savings in solarized process with condensate heat
recovery and combustion air preheating using flue gases
temperature of condensate

temperature of boiler steam

temperature of water after mixing of the condensate dc,
and make up water dyy

temperature of exhaust flue gases

air preheater flue gases outlet temperature in process with
condensate heat recovery

air preheater flue gases inlet temperature in process with
condensate heat recovery

Inlet temperature of air

air preheater air outlet temperature

air preheater air inlet temperature

air preheater flue gases outlet temperature

air preheater flue gases outlet temperature

temperature of boiler feed water inlet

actual volume of air calculated with the excess air coefficient
volume of inlet boiler air per unit of fuel

unit volume of fuel requirement

volume of flue gases per unit of fuel

volume of carbon dioxide in flue gases per unit of fuel
volume of nitrogen in flue gases per unit of fuel
minimum volume of oxygen in flue gases per unit of fuel
volume of oxygen in flue gases per unit of fuel

volume of water vapour in flue gases per unit of fuel
volume of rejected exhaust flue gases calculated per hour
to the surrounding in process with economizer

volume of rejected exhaust flue gases calculated per hour
to the surrounding in process with air preheater

volume of rejected exhaust flue gases calculated per
hour to the surrounding in process with condensate
heat recovery

volume of rejected exhaust flue gases calculated per hour
to the surrounding in process with condensate heat recov-
ery and air preheater

QB
Qs
Qs
QB q
QBCAP m
QBCAP y
Srap
Skc
SFCAP

s
SFAS
Sch
SFACS
tc

tFrwp,

tFGg,
tFGAPC o

tFGAPC_

taAP0
taA[’i
tFGAPo
tFGAPi
trwsg

kJ/month
kJ/year
KJ/h
kJ/day
kJ/month
kJ/year

%

%

%

%

%

%

%

°C,K
°C,K
°C,K

°C,K
°C,K

°C,K
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volume of rejected exhaust flue gases calculated per hour
to the surrounding in solarized basic process

volume of rejected exhaust flue gases calculated per hour
to the surrounding in solarized process with air preheater
volume of rejected exhaust flue gases calculated per hour
to the surrounding in solarized process with process con-
densate heat recovery

volume of rejected exhaust flue gases calculated per hour to
the surrounding in solarized process with condensate heat
recovery and combustion air preheating using flue gases
volume of flue gases per unit of product

total volume of flue gases per unit of fuel

volume of exhaust flue gases per unit of product rejected
to the surrounding in process with air preheater

volume of rejected exhaust flue gases calculated per unit
of product to the surrounding in process with condensate
heat recovery

volume of rejected exhaust flue gases calculated per unit
of product to the surrounding in process with condensate
heat recovery and air preheater

volume of excess air per unit of fuel

boiler efficiency

air preheater efficiency

collector efficiency

collector area

mean flat plate collector area

daily heat input to the boiler

useful daily radiation

average daily radiation (insolation)

monthly useful solar energy

yearly useful radiation

number of days in a month

security factor for large collector installation

excess air coefficient

usage factor

operating time

Abbreviations

BCHP  building combined cooling heating and power
AP air preheater

HPHE heat pipe heat exchanger

CHP conventional heat pipe

TPCT  two-phase closed thermosyphon

OHP oscillating heat pipe

WHR  waste heat recovery systems

HHRS  hybrid heat recovery systems

CHR  condensate heat recovery

VEG
VFGAS

VFGCS

VFGACS

VEGp
VFrGe
VEGap,

VEGe,

VFGe,pp

m®kg/h
m®kg/h

m%pc/h

m?pg/h

m’pG /kgp
m’r/m’g
m?p /kgp

m’pc /kgp

m3pG /kgp

m? a/ ng

0/0

O/0

0/0

103 m?

103 m?
kJ/day
kJ/m?day

10% kJ /m2day
10° kJ /month
10° kJ / year
days

0/O

hours/year
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