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Drying processes are one of the main consumers of heat energy in production. Any decreases in
heat consumption during the drying process will considerably decrease production costs. This study ana-
lyzes the high consumption of heat in the drying of baker’s yeast. The main task is to minimize the energy
demand and lower the price of the final products with partial heat recovery. These changes will require
system modifications. One of the most popular and effective methods that can be used in this case is heat
process integration with Pinch Technology. In this study, a reference system was simulated with a math-
ematical model and analyzed for waste heat streams.

This paper suggests the redesigning of a drying system for production of active dry yeast. Select-
ed streams that satisfy conditions for heat process integration were involved in the evaluation for a better
solution. Two different scenarios were proposed as possible solutions. The suggested solutions are retrofit
designs of Heat Exchanger Networks. These Heat Exchanger Networks include already installed heat ex-
changers as well as new heat transfer units. The selection of better design was made with economic anal-
ysis of investment. The proposed scenarios of the analyzed sub-system give improvement in heat energy
recovery. The best determined solution reduces the cost and thus has the highest profitability, but not the
highest heat energy recovery.
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MNOAOBPYBAIBE HA EHEPTETCKATA E®OUKACHOCT BO CUCTEMOT
3A CYHIEILE HA IEKAPCKHUOT KBACEILL

[Tpouecute Ha cyliewme ce eIHH OJl HajrojeMHTe IOTPOLIyBaYM HA TOIUIMHCKaTa €Hepruja BO
MPOM3BOJICTBEHUTE NMOCTPOjku. Cekoja HamalieHa MOTPOLIyBayka Ha TOIUIMHA BO IPOIECOT HA CYIICHE
3HAUWTENIHO T HaMalyBa MPOM3BOJCTBeHUTe Tpomonu. OBaa cTyAMja ja aHaATU3Wpa BHCOKATa
MOTPOIIIyBauyka Ha TOIUIMHCKATa €Hepruja MpH CYyLIemhe Ha IEeKapCKUOT KBacell. [JaBHa 1en e
MUHHMH3HPAKkE Ha MOTpeOHATAa TOIIMHA U HaMaJlyBame Ha KpajHaTa [eHa Ha MPOM3BOJOT CO JCIyMEH
IOBpaT Ha EHEeprujata BO CHCTEMOT. 3a Jla Ce HampaBaT OBHE IPOMCHH, NOTpeOHA € Moau(UKaIuja Ha
cucreMotT. EneH ol HajuecTo KOPUCTEHUTE METOIU BO BaKBU CIIyY4aW € IOCTAlKara 3a TOILTHHCKOTO
MIPOIIECHO WHTETpUpame co momom Ha [TuHd-TexHomorujata. Bo oBaa cryamja pedepeHTHHOT cucTeM e
CUMYJIMPaH Bp3 OCHOBa HA HETOBHOT MAaTEMATHYKHA MOJENI M € aHaJIM3MPaHO MPHUCYCTBOTO HA OTHAIHA
TOILUTHHA.

OBe ce mpeTcTaByBa MOXKHOCTA 32 PEIU3ajHUPAEHE HA CUCTEMOT 32 CYIICHE BO IPOHU3BOJCTBOTO
Ha CyB aKTHBEH IEKapCKH KBacell. I1oTpeOHO e pemieHHjaTa Aa M COAPIKAT MPOLECHUTE CTPYyH KOW TH
3aJI0BOJIyBaaT OCHOBHHUTE YCJIOBM 3a IPOLECHO HHTEerpupame. [Ipe/ioxkeHu ce ABe CleHapHhja Kako
HaArpanada Ha MU3ajHOT HA MpPEXKaTa O] TOIUIMHCKU pa3MeHyBaud. HOBHTE penn3ajHH Ha MPEKUTE O
TOINIMHCKHU PAa3sMCHYBadd KOPUCTAT HOBHU TOIUIMHCKW PAa3sMCHYBAadW, KakKO W €] OJf MOCTOCUYKHUTE BO
CaMHOT CHUCTEM 3a cyiieme. CenekiyjaTta Ha Mo00poTo pelieHre ¢ HampaBeHa Bp3 0a3a Ha eKOHOMCKa
aHammza. Cute TpemyioKeHW pelieHrja T'o IMoJ00pyBaaT BpaKkamkeTO Ha TOIUIMHCKaTa €HeprHja BO
cucreMot. M30paHoTo (HAjI00pO) pelIeHHWEe TM HamallyBa IPOU3BOJICTBCHHUTE TPOIIONM U CO3[aBa
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HajBHCOK NPO(MUT JOKOJIKY ce WHBEeCTHpa BO Hero. Ho, MCTOTO Toa pelieHHe He ja JaBa HajBUCOKaTa

CHCPIeTCKa e(l)I/IKaCHOCT Ha CUCTCMOT.

KiayuyHu 300poBH: TOIDIMHCKA HHTETpAIHja; IpOoIecHa HaATpanda; MUHI-TEXHOJIOTHja,

cuMyJanyja

1. INTRODUCTION

The dehydration or drying process preserves
the vitality of microorganisms as live cells. In the
case when those microorganisms are a commercial
product, such as baker’s yeast, this process extends
its shelf-life for a longer time period. The drying
process can be done in different conditions, with
cooling, heating, hot air, a heated rotating cylinder,
a vacuum, etc. However, drying of baker's yeast
uses hot dry air. Hot dry air removes water from
the drying material. The dynamics of this process
can be defined by the dryer type and microorgan-
ism’s characteristics. Furthermore, drying is a pro-
cess with a high heat demand. As such, high heat
consumption is a common problem in the produc-
tion of active dry baker’s yeast.

This heat demand problem has been reported
in the referent production system near the city of
Bitola, Macedonia. The main part of the produc-
tion cost, as well as a great part of the price of the
product, depends on drying cost. These costs can
be minimized only in circumstances when heat
demand is reduced or part of the waste heat is re-
covered. The main strategy in solving this problem
is to redesign the existing process to reuse part of
the thermal energy within the system. That process
can be completed with use of Pinch Technology
for heat Process Integration (PI). The methodology
of Pinch Technology is based on heat recovery
from streams involved in the process. That means
that there should be a system of heat transfer be-
tween streams with surplus heat (hot streams) and
streams that need to be heated (cold streams) [1].
The analysis of the production process can deter-
mine the amount of heat that can be recovered.

The current heat demand in the reference
drying facility (data from the company) is approx-
imately 16659 kJ/kg dry yeast. This value is be-
cause heating requires 12960 kJ/kg dry yeast and
cooling requires 3699 kJ/kg. Decreasing these val-
ues is possible with the implementation of a heat
process integration methodology. Furthermore,
such a process will automatically cause a reduction
in the cost and thus the price of the product. The
difference between the current and new production
costs is the profit of heat recovery for the project.

That profit is the income from the investment in
such a retrofit design.

This paper shows a case study of one such
specific drying process. There are no known re-
sources related to minimizing the heat demand for
continuous drying in the production of baker's
yeast. Some published articles describe the proba-
bility of using of Pinch Technology in food pro-
cessing, yet never for baker's yeast. Here, the case
study improved the drying process for the living
yeast cells.

Many authors show different methodologies
to increase energy efficiency. They have used vari-
ous approaches. Turker et al. [2] made optimiza-
tion based on a mathematical model of the drying
process. They used a few characteristics of yeast
and water transport phenomena as selected process
parameters in the mathematical model. Mathemati-
cal methods are applied to achieve optimal values.
Similarly, Akbari et al. [3] described the optimiza-
tion of drying baker’s yeast in a fluidized bed dry-
er. Their optimization was conducted through max-
imizing dry yeast activity (fermentation power) as
the main parameter. The maximal yeast activity
value is determined as a function of the other in-
volved processing parameters. However, in these
conditions, heat demand is not optimized. The heat
in this case has the value determined for maximal
fermentation power of baker’s yeast; this value can
vary along with the biochemical properties of the
product.

The most effective way of heat recovery is
most likely a retrofit design with Pinch Technolo-
gy. There are many case studies in heat optimiza-
tion of drying processes. Most of them use heat
process integration as their ideal methodology.
This methodology has been used in many different
types of drying facilities. One of the earliest appli-
cations of process integration in dryers is reported
by Sebastian et al. [4], who optimized conveyor
belt dryers. In the last decade, drying systems are
intensively analyzed, projected and redesigned
with heat integration. Furthermore, Walmsley et al.
[5-7] analyzed the spray drying of milk. In that
study, the exhaust gas contained some amount of
surplus heat, which heat is used for partial heat
recovery. Furthermore, Walmsley et al. [8] rede-
signed the milk evaporation system based on Pinch
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Technology. In that study, mechanical vapor
recompression decreased the use of steam by 78 %.
The drying process is also part of biogas produc-
tion from biomass, which has been analyzed previ-
ously by Heyne and Harvey [9]. That study used
surplus heat energy from selected streams for heat
recovery with Pinch Technology. Moreover, Ar-
senyeva et al. [10] reused sensitive and latent heat
energy from exhaust gases in different industrial
applications. They determined ATmin, confirms the
position of the gas-liquid separator and the design
of the heat exchanger networks. Some production
equipment and machines are already designed to
work with higher energy efficiency and have a sys-
tem for heat recovery. According to Sivill and
Ahtila [11], modern machines for paper drying
contain a heat recovery system that uses exhaust
gases. However, the drying system can be ineffec-
tive when process parameters or their values
change. In that situation, Sivill et al. [12] analyzed
different cases to improve energy efficiency, con-
cluding that changing heat integrated processes
influences the heat efficiency. Heat recovery solu-
tions are designed for certain steady state condi-
tions that are related to the reliability of heat ex-
changer networks as effective solutions for energy
efficiency.

Pinch Technology is a heat process integra-
tion tool. It is widely used for design or improve-
ment of systems for heat recovery. The production
of baker's yeast allows for many opportunities in
the process integration of different modes of pro-
cesses [13]. Batch processes are more complex for
analysis than continuous processing. Raskovic et
al. [14] reported on the increasing energy efficien-
cy in the baker’s yeast industry with the use of heat
process integration. This increase in efficiency was
based on total site heat integration. Heat integra-
tion can sometimes be done between process sec-
tions that are physically very far from each other,
which would lead to higher heat loss and additional
problems. In the current case study, the author
maximize heat efficiency within the same subsys-
tem as part of baker's yeast production system.
The working mode of a drying sub-system is con-
tinuous. Continuous processes have almost con-
stant consumption during the production time. As
such, there might be some very small variations in
the parameter values.

Energy efficiency can be improved by a
combination of different techniques. In the last
decade, renewable energy sources and thermody-
namic cycles have been used in combination with
process integration. Additionally, solar thermal
energy is a good source for free heating, yet it can
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be used only in special regions with good insola-
tion [15]. Similarly, the organic rankine cycle is
used in combination with processi techniques [16].
That system works as a heat pump with steam gen-
eration for electricity production. Overall, the prior
research discussed here provides many ideas for
possible solutions. However, in general, pinch
technology is the leading technique for solving
energy efficiency problems.

2. SYSTEM SIMULATION AND ANALYSIS

The potential of a drying subsystem (DS) for
heat recovery can be determined with its simula-
tion and heat analysis. Within the DS, many waste
streams contain surplus heat. As such, the strategy
for process heat integration was planned with the
following steps:

e Step 1 — Create a mathematical model of
the subsystem based on mass and heat balances

e Step 2 — Generate a system simulation
based on a previously established mathematical
model (simulation would help to detect and select
energy streams for possible process integration).

e Step 3 — Process data extracted from se-
lected streams.

e Step 4 — Conduct Pinch analysis

e Step 5 — Targeting

e Step 6 — Design of heat exchanger net-
works

e Step 7 — Economic analysis of designed
solutions

The description of subsystem was used to
better understand the production process. Both the
mass and heat balance define the relationship be-
tween the involved process streams. This relation-
ship was used to simulate given process conditions.
Furthermore, the model was used to validate the
parameter values. Next, process streams that satis-
fy the general principles of Pinch Technology were
selected for heat integration. Steps 5 and 6 are
basic steps of Pinch Technology [17] and will be
explained in chapter 5 of this article. The last step
includes profitability analyses and the range of so-
lutions, which can insure the right selection of the
suggested final designs.

3. DESCRIPTION OF DRYING PROCESS

In general, the drying process for active dry
yeast has two different modes: batch or continuous.
The better method is still up for debate. The facili-
ty for drying baker’s yeast works in continuous
mode, with a fluidized bed dryer. The scheme of
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drying process with streams and additional equip-
ment is given in Figure 1. Before drying, the yeast
must be separated from the yeast cream. The yeast
cream is a suspension of live yeast cells in water.
The cells are separated from the cream via filtra-
tion on a rotary vacuum filter. The yeast is then
separated as a solid state with high content of wa-
ter, containing a maximum 33 % dry matter. Yeast
in this solid form enters the fluidized bed dryer as
stream 1. The rest of the water is removed during
the drying process. The final product can have a
maximum of 97 % dry matter.

The fluidized bed dryer consists of three
separate zones (zones 1-3). Every zone has a spe-
cific temperature and moisture profile. Fresh yeast
that enters the first zone has the highest content of
water. There is the highest moisture removal rate
in the first zone, where approximately 68 % of the
water content is removed. The semi-dried yeast
from the first zone continues drying in the second
zone. The transfer of particles from the first zone
to the second zone depends on the weight of the
particles (stream 15) and the height of the wall be-
tween zones. The hot dry air enters from the bot-
tom of the zones through the perforated metal
sieve. The vertical position of the uniform yeast
particles depends on the different content of water
and the flow of dry air. Only light particles with a
specific content of water can reach a position high-
er than the wall. All of those particles "jump" the
wall and enter in the next drying zone. Stream 15
is a fluidized flow of yeast particles between the
first and second zone. The wall that separates the
second and third zone works in the same way;
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stream 16 is therefore also a fluidized flow of yeast
particles. The rest of water content (up to 95 %) is
removed in the second and the third zones.

One of the most important fluids for drying
process is conditioned dry air. The dry air enters
each zone through the metal sieves in the dryer.
Air exits are used through the top of the device as
wet air. The air outlet has a lower temperature than
the temperature in the entrance of each zone. The
temperature decline is caused by the endothermic
process of water dissolving into the dry air. The
inlet temperatures of dry air in every zone are con-
trolled with air heaters. Therefore, streams 17, 18
and 19 are heated with steam and have different
process temperatures needed in the drying process
for every zone (Table 1).

The air is conditioned in a few steps. The
first step to condition environmental air is filtering
through air filters. In that step, all impurities, such
as solid and dust particles are removed. The fil-
tered air is chilled (CU, Fig. 1) to low temperatures
(0 °C — 9 °C). The surplus moisture condenses at
low temperatures. It is separated as liquid water
and collected in the cyclone (CY). Then, the rela-
tive humidity of the air becomes 100% (stream 6).
After that, the rest of the moisture is adsorbed onto
an adsorption layer. The air that exits the adsorp-
tion step is the processed dry air (stream 3). A
great portion of the processed dry air is used to
supply all drying zones (stream 8). The other part
(streams 4 and 5) are used in regeneration of the ad-
sorption layer. The system is used for air condition-
ing, i.e. dehumidification, which is called the
Munters station [19].
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Fig. 1. The Fluidized Bed Drying system — process scheme with mathematical model used in MS Excel

Maced. J. Chem. Chem. Eng. 38 (1), 115-129 (2019)



Energy efficiency improvement in the system for drying baker’s yeast 119

Table 1
The characteristics of streams in drying process
Stream No. Composition Flow [kg/s] Temperature [°C]
1 Fresh yeast (33 % dry matter) 0.139 10
2 Active dry yeast (97 % dry matter) 0.0362 38
3 Air (humidity 1.7 g H20 / kg air) 7.872 40
4 Air (humidity 1.7 g H20 / kg air) 1.921 40
5 Air (humidity 1.7 g H20 / kg air) 1.921 86.5
6 Air (humidity 6.7 g H20 / kg air) 7.8887 8.1
7 Air (humidity 31.0 g H20 / kg air) 1.96 61.6
8 Air (humidity 1.7 g H20 / kg air) 5.928 40
9 Air (humidity 1.7 g H20 / kg air) 3.486 87
10 Air (humidity 1.7 g H20 / kg air) 1.581 445
11 Air (humidity 1.7 g H20 / kg air) 0.861 49.3
12 Air (humidity 28.6 g H20 / kg air) 3.58 33.6
13 Air (humidity 7.0 g H20 / kg air) 1.59 325
14 Air (humidity 2.3 g H20 / kg air) 0.862 38
15 Semi-dry yeast 0.045 36.6
16 Semi-dry yeast 0.0367 325
17 Air (humidity 1.7 g H20 / kg air) 3.486 40
18 Air (humidity 1.7 g H20 / kg air) 1.581 40
19 Air (humidity 1.7 g H20 / kg air) 0.861 40
adsorption

layer

adsorption

area

dry process air wet process air

regeneration
area

Fig. 2. Dehumidification system for air conditioning (Munters system) [18]

The Munters station works on the principle
of temperature swing adsorption. It contains a
sieve in the form of a wheel. There are channels
whose walls are coated with an adsorption layer.
The humid air goes through the adsorption sieve
layer (Fig. 2). The percentage of dehumidification
depends on the adsorption area, air moisture con-
tent and air flow. The sieve wheel is separated into
two zones: one zone is used for air moisture ad-
sorption and the other one is for recovering area
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for the adsorption layer. A great part of the wheel
is the adsorption zone (Fig. 2). In that zone, the
moisturized layer is renewed with hot dry air. At
high temperatures, a low quantity of dry air can
remove water and renew the adsorption layer. The
adsorption sieve rotates all the time and forms two
zones: the zone of dehumidification and the zone
of adsorption layer recovery [18]. Additionally, the
hot and the cold air that go through the adsorption
layer of the Munters™ system can exchange heat
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with the sieve material. During water adsorption,
air exchanges heat with the hot adsorption layer as
a result of temperature swing adsorption. The hot
stream 5 is used for layer recovery. The exit stream
(stream 7) has a lower temperature and higher
moisture content. The temperature decrease is
caused by the exchanged heat between the hot
stream 5 and the adsorption layer, as well as other
thermodynamic processes. The parameter values
for process streams are given in Table 1.

Processes of air conditioning and yeast dry-
ing require different utilities. The analyzed system
is supplied with a low pressure steam (LP steam),
cold water and liquid ammonia. The main charac-
teristics of the process are provided as follows.

o LP steam — saturated steam that supplies
the entire production system with heat.

e Ammonia — a refrigerant used in the cool-
ing system. Its minimum temperature is —18°C.

2, M- >, m=0

JjeIN(i, j) jeOuT (i, j)
m; | h; +—+g 5}
jeIN(G, j) jeOUT (i,
vjeDS and W, =0, ¢i=0, & =0

Equation 1 represents the mass balance of all
process streams (j) that exist in the sub-system DS.
The index j is the process stream entering or exit-
ing the subsystem. The process of drying Baker's
yeast has no mass accumulation in any part of the
plant, yet a small quantity exits the subsystem as
dust. That mass is taken to be zero in these calcula-
tions. Heat balance is given by equation 2, which
expresses energy balance with included heat ener-

2
ay (mj.hj), kinetic energy [mj %J potential

energy(mj g ~§j) , work (W), and other possible

chemical & thermodynamic processes in real sys-
tems (Q). The study case has only thermal energy
balance (enthalpy of streams h) in this analyzed
case. There are some assumptions for energy bal-
ance (eg. 2), such as kinetic and potential energy
are zero. The interest here is only for heat content
in fluids, but not their exergy values. Because of
that, speed ¢ and height & are zero as well. Similar-
ly, work (W) is taken as non-existing or zero. Fur-
thermore, the analyzed part of the production pro-

C.
hj+?‘+g-§j

The cooling process is controlled with the evapora-
tion of compressed ammonia liquid. Another pur-
pose of this refrigerant is cooling in storage hous-
es, storage tanks and temperature regulation of
other cooling fluids.

e Cold water — industrial water used for
cooling in processes that need temperatures higher
than cold water supply temperature (10 °C).

4. MATHEMATICAL MODEL OF PROCESSES

Production or sub-systems can be described
with mathematical relations between process pa-
rameters. In short, mass and heat balances of pro-
duction processes are used for such purpose. In this
case study, mass and heat balances were used for
the analysis and simulation of a drying process. A
drying sub-system DS was determined with equa-
tions 1 and 2.

. Vie DS (1)

2

-W;+Q; =0 @)

cesses does not have any chemical reaction or heat
storage (heat accumulation). According to all these
assumptions, equation 2 can be simplified (eq. 3):

> mh— > mh =0 VjeDS (3)
jeIN(, j) jeOUT (i, j)

Equations 1 and 3 are the basis for the simu-
lation model. All parameters of streams, related to
mass and heat balances, are used for simulation in
MS Excel. Balance equations for consecutive pro-
cesses are connected between themselves with the
use of stream parameters (such as mass flow, tem-
perature, pressure, etc.). Such parameters were used
for calculations in the Excel worksheet (Fig. 1).

The next step is the selection of streams with
potential for heat process integration [20]. The se-
lection of streams was made on the basic principles
of Pinch Technology. These selected streams were
used to suggest two different scenarios as solu-
tions. Both scenarios were analyzed and designed
with Aspen HX-NET software. Each solution can
have one or more constructed heat exchanger net-
works. The whole analysis is described in the next
chapter of this paper.
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5. PINCH ANALYSIS

The Pinch analysis consists of the following
consecutive steps [21]:

1. Data extraction from streams and utilities.

2. Targeting (design of composite curves,
ATnmin, Optimal need of utilities, pinch point and hot
and cold pinch temperatures).

3. Process modifications.

4. Network design (design of possible heat
exchanger networks with maximum energy recov-
ery).

5. Design evolution (rearrangement of Heat
exchanger networks based on heat load loops and
paths).

6. Process simulation.

@ =1 (Nu) ==

All air streams (17, 18, 19) that are heated
upon entrance of the dryer are potential cold
streams for heat integration. Stream 4 requires a
high heat load to get the target temperature. That
cold stream can be heated by a portion of the hot
process stream. If there is not enough heat and
driving force, the additional heating can be con-
ducted with a heater. The exit process streams 7
and 14 contain surplus heat that can be reused for
heating of some cold streams. Stream 6 is de-
watered and can be potentially used as a cold one.
All streams were combined into two possible sce-
narios as solutions.

Steps 2 — 6 were made with ASPEN HX-
NET software and conducted for two different cas-
es (scenarios). The first suggested case contains the
following streams: hot stream 7, and cold streams
4,17, 18 and 19 (Table 1). In the second case, cold
stream 6 and hot stream 14, without stream 18
(Table 1) were added. In that case, there is a possi-
bility for heating of stream 6 to a slightly higher
temperature, which can raise the temperature in the
stream 3 (Fig. 1). The temperature of stream 3 can
be regulated with automatic control and connected
with heating of stream 6. Therefore, the tempera-
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0.023-Re”® Pr®*, j e refrigerant, 4,6,17,18,19
=10.026-Re* Pr®, j e 7,14 (4)

0.5
0.021-Re%® Pr®#.0.5. L{—j , ] € steam

The first step of the analysis began with data
extraction. Values of the most important parame-
ters like mass flow, heat capacity, supply tempera-
ture, target temperature and heat transfer coeffi-
cient of fluids were collected (Table 1) [22]. The
expressions "hot stream™ and "cold stream" are
related to supply and target temperature values
[23]. One of the most important parameters in heat
transfer is heat transfer coefficient (o). The local
heat transfer coefficient is connected with Nusselt
criteria and can be calculated with equation 4 [14].
The Nusselt criteria depends on the Reynolds and
Prandtl dimensionless number. That number also
depends on the type of stream (cold or hot). The
first line (equation 4) relates to cold streams (re-
frigerant and process streams: 4, 6, 17, 18, 19), the
second line relates to hot streams (process streams
7 and 14) and the third line is only for steam.

P
Py

ture of exiting dry air from Munters system can be
set to 44.5 °C. A possible temperature change in
stream 6 is 12.6 °C, which was taken as an assump-
tion for further calculations. The temperature of
stream 3 would become the same as target temper-
ature of stream 18. Therefore, stream 18 does not
need heating and was not included in this scenario.
All selected process streams for both scenarios are
given in Table 1.

"Targeting" as a next step calculates the
pinch point and the optimal ATmin to achieve the
maximal energy recovery. The optimal value of
ATmin in heat exchanger networks was determined
from operating cost, capital cost and total cost. Op-
erating cost is determined from the cost of utilities
and was calculated for hot and cold utilities needed
for heating and cooling (Eq. 5). The price of hot
utility (Cnu) was estimated from equation 6, which
uses the lowest (h.) and the highest (hs) energy
content of fuel oil, as well as efficiency of boiler
(n) in generation of steam. Additionally, the steam
price depends on its physical properties and the
price of fuel oil (C¢). Moreover, the price of cold
utility (Ccu) was taken as its real value from the
industrial water supply company. All data from
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selected streams were used in design of heat ex-
changer networks.

OC = CHU 'QHU,min +CCU 'ch,min ()

I-(h,—h
Ciu =Cs 'ﬁ'loe (6)

All costs used for Pinch analysis were made
with ASPEN HX-NET software. The created solu-
tions are given in the following chapter.

6. RESULTS AND DISCUSSION

The drying system was analyzed for a possi-
ble heat integration. There were selected cold and
hot streams that satisfy Pinch Technology require-
ments. These combinations of selected streams
created two basic scenarios and one modified sce-
nario. All of these scenarios are explained in the
following text.

Scenario 1 — is made from selected cold
streams 4, 17, 18, 19 and hot stream 7 (Table 2).
Stream 7 is the main heat source, as it contains
waste heat from adsorption layer recovery with
temperature of 61.6 °C, allowing for heat to recir-
culate between the Munters system and inlet dry
air streams.

Table 2

All selected streams and their parameters for
each scenario are provided in Table 2. Parameter
values of streams were entered in HX-NET soft-
ware, which helps find pairs of hot and cold
streams and can match the possibility of heat trans-
fer. Units used for heat transfer between these pairs
of streams are heat exchangers (HE). All scheduled
heat exchangers create a network. The network
created with heat exchanges and pairs of hot and
cold streams is known as heat exchanger networks
(HENSs). The value of ATmin was 8 °C for the Sce-
nario 1, and 6 °C for Scenario 2. These minimum
temperature differences are the result of deter-
mined crossing point between curves of capital
cost, operating cost and total cost. Capital cost was
calculated from the estimated cost of heat ex-
changers that have to be installed for each scenario
(eg. 8 and 9). The cost indices in equation 8 have
the following values: a = 10000, b = 800, ¢ = 0.8.
The rate of return and plant life were taken to be 0.1
and 10 years, respectively. Operating costs were
determined with equations 5 and 6, while equation 7
is used for the calculation of total cost (TC) as the
sum of capital cost (CC) and operating cost (OC).
The pinch point value for scenario 1 is calculated as
44 °C (hot pinch point is 48 °C and cold pinch point
is 40 °C). The second scenario has a Pinch point at
temperature of 47.5 °C (hot pinch point is 50.5 °C
and cold pinch point is 44.5 °C).

TC =CC+0C )

Characteristics of selected streams for Process Integration of suggested scenarios

Temperature [°C]

mcCp

AQ

Stream Scenario Taonly T [kW/°C] (kW] a [W/m?K] Stream type
4 1 40.0 86.5 1.94 90.2 2.24 Cold
2 445 86.5 1.94 81.5 224 Cold
17 1 40.0 87.0 3.51 165.0 3.20 Cold
2 445 87.0 3.51 149.2 3.20 Cold
18 1 40.0 445 1.59 7.2 1.99 Cold
2 445 445 0.00 0.0 1.99 Cold
19 1 40.0 49.3 0.87 8.1 1.38 Cold
2 445 49.3 0.87 4.2 1.38 Cold
6 2 8.1 12.6 8.03 36.1 4.99 Cold
7 1 61.6 30.0 2.05 64.8 231 Hot
2 68.1 30.0 2.05 78.1 2.31 Hot
14 2 38.0 20.0 0.88 15.8 1.38 Hot
HU Steam 250.0 249.0 - - 3.52 Hot
CuU Cold water 2.0 10.0 - - 1.50 Cold

A solution for this scenario is proposed in
Figure 3. In this HEN, only streams 4 and 17 are
heated with steam. These heaters are already in-

stalled HU3; and HU,4. Because of that, these heat-
ers were not calculated as new ones. Process
stream 7 (stream with surplus heat), can be used to
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heat any cold stream. Stream 17 is partially heated
by stream 7 (via HE;1). The rest of the heat is sup-
plied by an old heater (HUs) to achieve the target
temperature of 87 °C. Stream 7 has a target tem-
perature of 30 °C. Achieving this target tempera-
ture requires additional cooling with cold water,
yet this stream is a waste stream so there is no real
need for extra cooling. Avoiding the cooling for
stream 7 will decrease operating costs. As such, the
new target temperature was set at 50 °C. This tem-
perature in stream 7 is the minimum possible solu-

tion for this scenario. In this case, streams 18 and
19 are completely heated with stream 7. These two
streams require two new heat exchangers HE; and
HEs (Fig. 3). As a result of the heat process inte-
gration, this scenario requires the installation of
three new heat exchangers: HE1, HE; and HE;3 (Fig.
4). The duty of these heat exchangers is 7.6 kW
(HEy), 7.2 KW (HE2) and 8.1 kW (HE3), respec-
tively. The total combined heat recovery is 22.9
kW as a sum of the heat transferred through them.

=

REE)

“ig

61.6C @D 57.5C @D 539C @ 50.0°C
E HE 30.0°C
[7] (he) G ; o
a99kW,
.50 oo
_— 90.2 kW s A\
704 oy ey
157.7 kW ' 7.6 kW
49.30% {HE}
8.1kw
50 (HE)
\ 4
7.2 kW

Fig. 3. Heat Exchangers Network (HEN) as solution for Scenario 1

T@@

zone 2 zone 1

zone 3

FBD

4
F1®; e dry air @
@ Munters
() | system

Fig. 4. Process scheme with all heat exchangers included in solution for Scenario 1

Scenario 2 — involves hot streams 7 and 14
and cold streams 4, 6, 17, 18, 19. Stream 7, as it
was explained in scenario 1, can be used as the
main source of heat for other selected streams (pre-
heating). Stream 14 is the exit stream from zone 3
in the fluidized bed dryer with temperature of 38
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°C. Both streams 7 and 14 exit the system. While
their target temperatures are changeable, they were
set on their optimal values (Table 2). The strategy
for this scenario is the possibility for additional
heating of stream 6 on the inlet of Munters system.
The target temperature of stream 6 would control
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the exit temperature of stream 3. That temperature
was the same with the lowest supply temperature
in the drying system (drying zones). Its lowest
supply target temperature is the temperature of
stream 18 (44.5 °C). This change will cause the
same supply temperatures for cold streams 4, 17,
18 and 19 (44.5 °C). In the current drying process,
stream 18 goes through the heater that controls its
target temperature. As such, stream 18 has no need
for any additional heating. This change in the dry-
ing system influences the change of temperatures
involved in the Munters system. If there is a mass
and heat balance, there will be an increase in the
exit temperature of stream 7 (Table 2).

Two different HEN designs were suggested
as solutions for scenario 2 (Fig. 5). This solution
reuses the heat from hot streams 7 and 14 for the
complete heating of cold streams 6 and 19, while
stream 7 partially satisfies the heat demand for
stream 17. The rest of the heat is received from
heater HU; (Fig. 5). Stream 4 can be completely
heated only with steam through HU,4. Heaters HU;
and HU, already exist in the system (Fig. 1). The
design of heat exchanger network (Fig. 5) requires
four new heat exchangers: HE1, HE, HE3 and HE,.
The total duty of these heat exchangers is 81.8 kW,
which is the heat recovered for this scenario. The
value of recovered heat was used for further eco-
nomic calculations.

66.1°C 45.8°C 35.9°C
-68.1 c QEA HE, HEj 30.0°C
12.1 kW
-38. oC @ » 20.0°C
w
86.5C < 44'50-
81.5 kW
56.3C 2\ 44.5C
ar.0c (he) (17 ]
107.6 kW 41.5 kW
49.3C= @E\ 44.5 C-
4.2 kW y 10.1°C_ 22\ 8.1°C
126C HE (HE) {6 ]
20.3 kW 15.8 kW

Fig. 5. Heat Exchangers™ Network (HEN — design 1) as solution for Scenario 2

68.1°C 66.1°C, 53.5C 35.9°C N

[7 ] (HE, HE) 30.0°C
121k

86.5°C < : -

81.5 kW / A\

51.8°C 44.5C

8700 (HE) [17]

123.5 kW 25.7 kW

49.3C# @E\ 149 C-
4.2 kW a 8.1°C

126C (HE) [ 6 |

36.1 kW

Fig. 6. Modified solution (HEN - design 2) for Scenario 2

If the solution for scenario 2 is observed,
some modifications are possible (Fig. 6). Stream 7
has enough surplus heat to completely heat stream
6 which will decrease the number of heat exchang-
ers. In this situation, stream 14 is never used. Ac-
cording to Pinch Technology, stream 14 should be
cooled with a cooler to get its target temperature,
yet it is a waste stream, which is the main reason
why it is not used for further heat integration.
Stream 7 is also waste stream and therefore does
not need additional cooling by CU,. If these state-

ments are used in the solution, a new modified heat
exchanger network can be created (Fig. 7). The
new final solution requires 3 new heat exchangers,
although heaters scheduled in this design already
exist in the real system. The total heat recovered
(66 kW) with this modification is the sum of the
heat duties of 3 new heat exchangers. This value is
lower than the previously suggested solution for
scenario 2. Both solutions for scenario 2 are pro-
vided in Figure 8. The economic analysis will de-
termine the best solution for both scenarios.
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Fig. 8. Process scheme of modified solution for Scenario 2, including new and old heat exchangers

The next step is an economic analysis of all
suggested solutions. The economic analysis was
made with calculations of capital cost, profit and
economic parameters. Capital cost and annualized
factor were needed for cost estimation of the new
heat exchangers (egs. 8, 9). For this purpose, the
following values of economic parameters were
taken as pre-requirements: rate of return (ROR =
10%), plant life (PL = 10 years), operating hours
(8500 hours per year) and number of shells (n = 1).
The value of the heat transfer area (A) was calcu-
lated by using the BATH equation (eg. 10).

CC=AF -{am-[/—:}c‘n} (C))

ROR RORT™
— 1+ —
_ 100 100

PL
[1+ROR} -1

AF 9)

100
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v 1 ¢AQ
A Zk:ATk ~ h,
j e streams (10)

k € enthalpy intervals

The estimated operating costs for the given
scenarios were calculated from the price of the heat-
ing utility (eqg. 5). While additional cooling is mini-
mized to zero (suggested solutions), reducing the
demand for heating utilities makes the difference in
operating cost before and after investing in scenarios.
That difference was considered the profit (eg. 11).

prOﬁtheat recovery PHU '(QHUO _QHUW‘ )+ Pcu '<QCU0 _chmv,\)
me AT,

where wine N € {scenario 1, scenario 2}

(11)

The cash flow analysis of the capital cost in-
vestment and profit for a project life of 10 years
provides a better solution. The calculated values
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for the capital cost and the profit from heat recov-
ery are shown in Table 3. The estimated cost for
heating utility was already determined as 23.41
€/GJ, with an 0.1 (10 % annual) interest rate.

The cash flow analysis determines the fol-
lowing economic parameters: pay back period
(PBP), rate of return on investment (ROROI) and
net present value (NPV). Pay back period (eq. 12)
is the period of time (in years) required for the pro-
ject investment to be returned from revenues or
profit. The values of these economic parameters

are given in Table 3. The rate of return on invest-
ment (ROROI) shows the intensity of returning the
investment (given in Table 3 as the ratio and the
percentage of returned money from incomings).
Higher ROROI values suggest a higher intensity of
return as well as a shorter period of money return.
ROROI mathematically means the ratio between
the average incomes and the capital investment
cost (eg. 13). As such, any income used in ROROI
calculations is pure profit determined after tax.

Table 3
Heat recovery and economic parameters for each scenario
Scenario Scenario 1 Scenario 2 Scenario 2
(design 1) (design 2)
Number of new heat exchangers 3.0 4.0 3.0
Duty of new installed heat exchangers [kW] 229 81.8 66.0
Capital cost for additional heat exchangers [€] 51,400.0 191,627.9 67,995.6
Heat recovery [kW] 229 81.8 66.0
Heat recovery [Gl/year] 700.7 2,503.0 2,019.6
Annual profit from heat recovery [€/year] 16,404.3 58,597.1 47,278.8
Economic parameter
Pay back period (PBP) [years] 4.64 5.93 2.05
Economic parameter
Rate of return on investment (ROROI) 0.21 0.17 0.49
Economic parameter 0 0 0
Rate of return on investment (ROROI) [%] 21 % 17% 49 %
Economic parameter
Net present value (NPV) [€] 55,565.6 168426.0 222,512.4
PBP = P|I_DL ’ Cinvest - 1 (12)
CE ROROI
Z (aftertax)i
i=1
>
CF .
average annual net income &~ (@i
ROROJ = 2¥er4d = (13)
CcC PL-C

The results of the economic calculations for
these scenarios are provided in Table 3. Based on
these results, it appears that the modified solution
for scenario 2 is the most profitable, with a fast
payback period of 2.05 years. On the other hand,
other solutions have the longer payback periods of
4.64 and 5.93 years. Similarly, the rate of return on
investment is much bigger in the modified solution
for scenario 2 (ROROI = 0.49) than scenario 1
(ROROI = 0.21). Therefore, the best solution is the
modified HEN for scenario 2; an intermediate so-
lution is that for scenario 1. Finally, the worst is
the suggested non-modified solution for scenario 2.
Moreover, the heat recovery changed the heat de-

invest

mand per product. The heat demand in the primary
case (without heat integration) for the production
of active dry baker's yeast is 2.07 kWh/kg dry
product. Heat recovery for the first scenario re-
duced the heat demand to 1.90 kWh/kg dry prod-
uct. The second scenario reduced the heat demand
for the HEN design 1 to 1.44 kWh/kg dry product.
The demand for modified design 2 became 1.57
kWh/kg dry product.

The solution of the heat recovery problem
was analyzed with Pinch Technology, providing a
few possible solutions with different amounts of
heat recovery. Scenario 2 with design 1 has maxi-
mal recovery, although that data is not sufficient
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for making investment decisions. The judgment of
process managers on their choice between a few
different solutions or projects must be based on the
profitability of changes in the production system.
For one, they would need to invest in new equip-
ment. That cost must be covered with fresh in-
comes from the realization of the selected project.
The final decision for any possible investment in
any of these scenarios should be based on other

Table 4

economic factors. The modified solution for sce-
nario 2 was determined as the best option, because
it would produce the highest profit and a faster re-
turn of invested money.

Error analysis — Designs of heat exchanger
networks were made with HX-NET software. The
above-mentioned solutions were simulated, show-
ing the variations between the simulated and oper-
ating values of the parameters (Table 4).

Operating values of parameters and their values from the simulation of the drying system

Stream Pressure [kPa] Flow [kg/h]
Operating Simulation Operating Simulation
values values values values
3 95.6 96.2 28339.2 28209.1
4 95.6 96.2 6915.6 6867.4
5 94.1 90.0 6915.6 6867.4
6 no data 96.3 28399.3 28399.4
7 93.7 95.0 7056.0 7056.3
10 90.3 96.1 12549.6 12551.2
11 95.2 96.1 5691.6 5690.0
12 - 96.1 3099.6 3100.5
17 95.6 96.2 12549.6 12551.2
18 95.6 96.2 5691.6 5690.0
19 95.6 96.2 3099.6 3100.5
6.07|
6
5
g
=
I 4
-
“en flow average error: 0.09 %
:Q\) pressure average error: 1.85 %
D 3
s
U 5]
1.34
1 0.96
- 0.60 0.60| 0.60
" ; 0.00 0.00 095001 0.03 0.03 0.01 I 0.03 I 0.03
() 4 9 S N
¢ S T 3 o 4 6“\\ \\“\\q o“&
& & A &w s‘@ s\‘e O &e
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vz flow error [%]
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Fig. 9. Error analysis from simulated drying subsystem (flow error and pressure error)
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Certain parameters such as pressure and
mass flow were compared with the real values. The
simulation was based on values of process temper-
atures, so there is no simulation error for tempera-
ture. The result of error analysis is shown in Figure
9, where the calculated errors of parameters from
simulation are provided for data validation. The
average error for pressure is 1.85 %; the flow error
is 0.09 %.

7. CONCLUSION

This work analyzes a system with high heat
demand using heat process integration. With this
technique, the possibility for heat recovery in a
baker’s yeast drying sub-system was determined
and two scenarios were suggested. Each scenario
was solved through the design of a heat exchanger
network. The major impact of this analysis and the
designed solutions was the decrease in operating
cost, which will affect the price of the active dry
yeast at the same time.

Process integration, as well as Pinch Tech-
nology, provide many opportunities for heat recov-
ery in food-processing industries. Given that the
results improve the heat efficiency of designed heat
recovery networks, the networks can recover differ-
ent amounts of heat. However, the values for cost
and profit are unique for each one. This research
suggests three designs which range in economic
influence and possible investments. The chosen sce-
nario saves 66 kW and has the best economic re-
sults. The simulation of results improves the possi-
bilities for the use of any of suggested solutions.
However, some phenomena like thermodynamic
effects in temperature swing adsorption were not
analyzed. In addition, this case study is taken as an
ideal system without loss of heat. The changes of
heat content during the process can be described
with exergy, which includes mechanical work, in-
ternal energy and energy loses. The consequences of
these effects will be analyzed in future research.
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ABREVIATIONS

A — heat transfer area [m?]
a, b, ¢ — factors for heat exchanger capital cost

AF -

annualized factor

C — cost [currency]

Cc-

fluid velocity [m/s]

CC — capital cost [currency, €]
CF — Cash Flow [currency]
Cp — heat capacity [ki/kg K]

CU-

cooler, cold utility

Cy —cyclone
DM — Dry matter [%]

DS - drying subsystem
F - fuel
f -— liquid

FDB — Fluidized Bed Dryer

g -— gravity (9.81 N/m s?)

h — specific enthalpy [J/kg]

ha -lowest fuel enthalpy [J/kg]

HE —

Heat Exchanger

HEN — Heat Exchanger Network
hs — highest fuel enthalpy [J/kg]

HU -

heater, hot utility

j — stream

k — enthalpy intervals

L, I - length, pipe diameter [m]

m — mass flow [kg/s]

n — number of shells, number of years (economics)
NPV — Net Present Value [currency, €]

Nu -
OC -

Nuselt number
Operating Cost [€ / year]

P — price [currency, €]

PBP — Pay Back Period [years]

P1 — Process Integration

PL — Project life

Pr — Prandtl dimensionless number
Pr — Prandtl number

Q — heat load, duty [kW]

Re — Reynold dimensionless number

RH —

Relative Humidity [%]

ROR - rate of return

ROROI — Rate of Return on Investment

T — temperature [° C]

TC — Total Cost [currency]

W —work [kJ]

o — heat transfer coefficient [W/m?K]

ATmin — minimal temperature difference [° C]
n — efficiency

A — thermal conductivity of fluid [W/mK]

& — height [m]
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