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a b s t r a c t

The case study of flexible integrated flowsheet development for sodium hypophosphite production is
presented. It is based on phosphoric sludge utilization process. The weight concentration of phosphorous
in raw materials is equal to 30e50%. The reaction and separation parts of the system were designed
based on detailed analysis of production stages. After that the process equipment was selected. Process
modelling is made for annual production of hypophosphite equal to 2500 t. It permitted to extract
process streams for heat energy integration and to define their parameters. The operating pinch
procedure was used to estimate the consumption of hot and cold utilities for non-integrated process. The
influence of utilities cost on minimal temperature difference is investigated. Analysis of heat system
topology modification depending on energy prices is conducted. Optimal structure of heat recovery
system and minimal temperature difference are determined. It is shown that optimal integrated process
consumes 45% of hot and 30% of cold utilities required by non-integrated process.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays the trend for the production of concentrated and
complex fertilizers led to the steady increase in the volume of
consumption and production of a phosphoric acid [1,2]. It is
produced in industrial scale when a phosphorous containing
mineral reacts with a mixture of sulphuric and phosphoric acids.
The main by-product of this reaction is the formation of calcium
sulphate (gypsum) crystals, which are separated from phosphoric
acid at the end of the process together with other by-products
formed during the reaction. Such by-products form a phosphorus
containing sludge, which is deposited in large amounts upon
yellow phosphorus production process industrial sites.

Extraction of phosphorus from its sludge represents an impor-
tant problem that has several process solutions. One of those is
a widely used process of sodium hypophosphite (SH) synthesis
employing the method of phosphorus sludge processing with
alkali. This method is accompanied by development of waste,
namely phosphite-containing slag, which has up to 25% of yellow
phosphorus remnants. Slag (the mixture of CaHPO3 and CaCO3) is
formed in amount of 3 t/t of a final product. Its utilization is
substantially difficult and involves high energy consumption. The
mentioned sodium hypophosphite synthesis process was used in

particular at the Kazakhstan enterprises. The design of process
chemistry was made by VEB Stickctoffwerk Piesteridz (Germany)
[3] in 80th years of the last century.

The research presented in this paper originated as a part of
a comprehensive European research project ECOPHOS, which is
designed to develop ecologically sustainable, environmentally
friendly, resource- and energy-saving industrial process technol-
ogies for the production of a wide class of phosphorus containing
substances, for details see Seferlis et al. [4,5], Papadopulos et al.
[6]. In course of the project the design of sodium hypophosphite
synthesis chemistry was improved with a considerable increase of
phosphorus yield, that is achieved by adjusting the process
parameters (in particular ratios of the reagents) with account of
specific characteristics of the phosphorus sludge used [7,8]. It
became possible with modelling, design and optimisation of
industrial production processes technique [9,10].

In considered process the following reactions are taking place:

2P4 þ 3CaðOHÞ2þ6H2O/3CaðH2PO2Þ2þ2PH3[ (1)

CaðH2PO2Þ2þ2NaOH/CaðOHÞ2þ2NaH2PO2 (2)

P4 þ 2CaðOHÞ2þ2H2O/CaHPO3Yþ 2PH3[ (3)

NaH2PO2 þ CaðH2PO2Þ2/NaCaðH2PO2Þ3Y (4)
* Corresponding author. Tel.: þ380577076001.

E-mail address: stb@kpi.kharkov.ua (S. Boldyryev).

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier .com/locate/apthermeng

1359-4311/$ e see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.applthermaleng.2010.04.021

Applied Thermal Engineering 30 (2010) 2306e2314

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Library of National Technical University "Kharkiv Polytechnic Institute"

https://core.ac.uk/display/162876949?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:stb@kpi.kharkov.ua
www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng


P4 þ 4NaOHþ 4H2O/4NaH2PO2 þ 2H2[ (5)

P4 þ 4NaOHþ 2H2O/2Na2HPO3 þ 2PH3[ (6)

CaðOHÞ2þNa2HPO3/CaHPO3Yþ 2NaOH (7)

NaH2PO2 þ NaOH/Na2HPO3 þ H2[ (8)

CaðH2PO2Þ2þNa2HPO3/CaHPO3Yþ 2NaH2PO2 (9)

The process (Fig. 1) consists of several basic stages, as follows:
preparation of initial components for SH synthesis and their supply
to main reactor (R-4); synthesis of sodium hypophosphite;

separation of sodium hypophosphite as the end product (R-6); heat
energy supply and cooling [8,9]. The aim of preparation stage is to
make NaOHeCa(OH)2 suspension and to prepare phosphorous-
containing sludge. Suspension of Ca(OH)2 is prepared in reactor R-1
and goes to reactor R-3 as to prepare NaOH-Ca(OH)2 mixture.
Phosphorous sludge after initial reactor (R-2) is loaded to main
reactor (R-4) inwhich also are addedNaOH-Ca(OH)2 suspension and
water. Reactors R-1, R-2, R-3, R-4 and R-5 are heated by process
steam. Following reactor is cooled by cooling water after reaction
completion. Synthesis unit consists of main reactor (R-4) and
following reactor (R-5). After filtration (F-1) the obtained solution of
SH is corrected in neutralizer (R-6). Separation stage is the most
complicated stage from viewpoint of equipment involved. The
objective of separation stage process is to obtain the sodium

Nomenclature

C specific cost of heat carrier, USD/kg
cp specific heat capacity, kJ/(kg K)
CP heat capacity flowrate, kW/K
CW cooling water
G mass flowrate, kg/s
H flow enthalpy, kW
DH change in flow enthalpy, kW
Q heat load, kW
r latent heat, kJ/kg
T temperature, �C;
DT temperature difference, �C;
a overall film heat transfer coefficient, W/(m2 K);
P total capitalized value, USD/y;

Subscripts
C cold utility or stream;
H hot utility or stream;
HE heat exchanger;
i, j indexes
min minimal value
REC recuperation
S supply
T target
pin pinch

Superscript
* optimal value

Fig. 1. Principal flowsheet for sodium hypophosphite production. R1, reactor for Ca(OH)2 preparation; R2, reactor for phosphoric sludge preparation; R3, NaOHeCa(OH)2 prepa-
ration; R4, main reactor; R5, following reactor; R6, neutralization; R7, evaporator; R8, sedimentation by oxalic acid; R9, crystallization; F 1e3, filter; T 1e4, tank; C1, centrifuge; SC1,
cyclone; D 1,2, dryer; AH 1,2, air heater; CW, cooling water; 1, ., 15, process streams numbered according to Table 1.
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Table 1
Stream data of sodium hypophosphite production existing process.

No Stream name Type TS, �C TT, �C G, kg/s cp, kJ/kg$K r, kJ/kg CP, kW/K DH, kW a, W/(m2 K)

1 Cooling after following reactor Hot 90 25 6.13 3.56 21.84 1420.0 100
2 Cooling after evaporation Hot 90 40 1.56 2.96 4.63 231.3 100
3 Condensation of vapor Hot 110 110 1.91 2230 4266.0 1000
4 Cooling of condensate Hot 110 25 1.91 4.19 8.02 681.3 100
5 Exhaust gas 1 Hot 60 25 21.43 1.02 21.86 764.9 50
6 Exhaust gas 2 Hot 60 25 7.21 1.02 7.35 257.3 50
7 Heating of Ca(OH)2 solution Cold 20 50 2.71 3.35 9.09 272.8 100
8 Heating of NaOH - Ca(OH)2 suspension Cold 20 50 3.98 3.35 13.36 400.7 100
9 Phosphorous sludge preparation Cold 20 75 1.15 0.80 0.91 50.2 100
10 Phosphorous sludge decomposition Cold 50 95 7.03 3.35 23.55 1059.9 100
11 Heating in following reactor Cold 35 90 6.13 2.93 17.99 989.3 100
12 Air to drying 1 Cold 20 80 21.43 1.02 21.86 1311.3 50
13 Preheating before evaporation Cold 30 110 3.48 3.56 12.38 990.3 100
14 Evaporation Cold 110 110 1.91 2230 4266.0 1000
15 Air to drying 2 Cold 20 80 7.21 1.02 7.35 441.2 50

Fig. 2. Streams of sodium hypophosphite production process, which are available for heat integration. 1e6, hot streams; 7e15, cold streams; CP, stream heat capacity, kW/K; DH,
stream enthalpy change, kW.

L. Tovazhnyansky et al. / Applied Thermal Engineering 30 (2010) 2306e23142308



hypophosphite of commercial grade from sodium hypophosphate
which is coming after synthesis.

The process under investigation is chemical-processing
system, which include chemical reaction, separation of obtained
products, utility system. The optimisation of process chemistry
and separation part gave the possibility to obtain environmen-
tally friendly production, by improving phosphorus yield and
minimizing waste. One of the process features is high demand
for energy, which can considerably influence the production cost
and increase global environmental pollution. To optimise energy
consumption it is necessary to estimate possibilities of heat
recovery with the use of process integration methods (see e.g.
[11e13]). Beside the uncertainties in such factors as mineral
characteristics, reactant compositions and process temperature
conditions etc., which are inherent to industrial phosphoric acid
production processes [14], the optimisation of heat recovery is
complicated by uncertainties in energy prices and heat transfer
coefficients at different heat transfer equipment items. The
influence of these features on optimal process integration solu-
tion for particular case study is analyzed below in this paper.

2. Heat integration of sodium hypophosphite production

2.1. Selection of method

Design of the industrial process heat systems with the minimal
energy consumption is one of the most difficult technical problems.
The development of optimal heat exchange system requires finding
the decision from a huge number of possible options. For example,
there are 3�106 options of schemes in problem with five cold and
hot process streams [15]. The important stage of the decision is the
formulation of an objective function. It is frequently as follows [16]:

P ¼ ðd1 þ d2Þ
0
@XNO

i¼1

Ai þ
XNSþNN

j¼1

Bj

1
Aþ q

XNK

i¼1

XNSþNN

j¼1

Ci � Gij (10)

where P is the total capitalized value, USD/year; d1, normative
payback coefficient, year�1; d2, depreciation rate, year�1; q, dura-
tion of equipment annual operation, h/year; Ai, cost of ith heat
exchanger, USD; Bj, cost of jth heater or cooler, USD; Ci, cost of ith
heat carrier, USD/kg; Gij, mass flowrate of ith heat carrier in jth heat
exchanger, kg/h; NH, NC, NN, NK are number of heat exchangers,
coolers, heaters and heat carriers, respectively.

Traditional design methods do not allow estimation of the
resulting costs before the flowsheet is created. Application of math-
ematical optimisation methods involve substantial computational
difficulties due to the necessity for the solution of mixed integer
nonlinearprogramming(MINLP)problemsofbigdimension. It causes
the creation of local methods, which in many cases do not give
universal algorithm and reliable strategy to find global optimum.

Fig. 3. Composite curves for the proposed process: 1, hot composite curve; 2, cold composite curve; QHmin, hot utility consumption, kW; QCmin, cold utility consumption, kW.

Fig. 4. Capitalized values vs. DTmin and energy price: 1, capitalized value for equip-
ment; 2, capitalized value for energy; 3, total capitalized value; 4, minimal total
capitalized value for fixed energy price.

Fig. 5. Composite curves for integrated process at DTmin¼ 10 �C: 1, hot composite
curve; 2, cold composite curve; QHmin, hot utility consumption, kW; QCmin, cold utility
consumption, kW; QREC, recuperation duty, kW.
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Professor Bodo Linnhoff and his colleagues at University of Man-
chester Institute of Science and Technology have developed method
of pinch analysis for synthesis of optimal flowsheets (formost recent
guidance see [13]). This method is based on thermodynamic analysis
of composite curves and enables in rather simple andunderstandable
form tofind the solutionwhich is pretty close to optimal. The analysis
of energy saving potential for case study of sodium hypophosphite
production by this method is presented below.

The general sequence of pinch technology application in our
case is as follows:

� data extraction and analysis;
� building of composite curves and grand composite curve for
existing process;

� grid diagram design of existing process;
� analysis of existing process;
� selection of optimal DTmin;
� building composite curves and grand composite curve for
retrofit project;

� grid diagram design for retrofit project;

� calculation of heat exchangers and flowsheet design.

On building the composite curves the temperature of streams
with phase change is regarded as constant and it is represented by
strictly horizontal lines on temperature-enthalpy diagram. All
calculations are made with the use of developed at NTU “KhPI”
software [17]. The algorithm and software enables to use different
heat transfer coefficient values for the same stream, depending on
the type of heat transfer equipment used at specific process
position.

2.2. Data extraction

Principal flowsheet of sodium hypophosphite production is
presented in Fig. 1.

Parameters of technological streams which can be included to
process integration were determined with technological schedule
literature data [18], accompanied by modelling with UniSim soft-
ware [19]. The data for process streams, whichmay be included into
heat integration are collected in Table 1. The composition of streams

Fig. 6. Grid diagram of integrated process for hypophosphite production with the DTmin¼ 10 �C.
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presented in Appendix 1. For the analysis of process streams, the
grid diagram [11] is used. For existing heat exchangers network it is
shown in Fig. 2. The grid diagram reveals no heat recovery of
process streams. This can be seen also on composite curves (Fig. 3)
of existing sodium hypophosphite production process, which are
built based on stream data from Table 1.

Hot utility heat load of considered process is 9781 kW and cold
utility heat duty is 7610 kW. The steam with temperature 130 �C
used as hot utility for indirect heating. The cold utility of existing
process is cooling water of cooling tower return cycle with supply
temperature of 20 �C.

2.3. Energy saving potential estimation

There is no recovery of heat energy between process streams in
existing flowsheet. Evidently, it is necessary to build new heat
exchanger network on the base of pinch design principles as shown
by Linnhoff et al. [20,21]. For grass root design it is required to
define DTmin between process streams and targets for cold and hot

utilities. Utility targets can be obtained from composite curves. At
first we should build cost curves of sodium hypophosphite
production heat system to define optimal value of DTmin. To draw
the cost curves it is necessary to know costs of hot utility, cold
utility, cost of 1 m2 of heat exchange surface, cost of heat exchanger
installation and cost law. Cost of heat exchange surface depends on
such factors as stream aggressiveness, impurities, pressure drop
and other.

For optimal integration the main economic indicators which
influence the project cost should be defined. Cost of hot utilities is

Fig. 7. Flowsheet for integrated sodium hypophosphite production. R1, reactor for Ca(OH)2 preparation; R2, reactor for phosphoric sludge preparation; R3, NaOHeCa(OH)2
preparation; R4, main reactor; R5, following reactor; R6, neutralization; R7, evaporator; R8, sedimentation by oxalic acid; R9, crystallization; F 1e3, filter; T 1e4, tank; C1, centrifuge;
SC1, cyclone; D 1,2, dryer; AH 1,2, air heater; HE, heat exchangers; CW, cooling water; 1, ., 15, process streams numbered according to Table 1.

Fig. 8. Dependence of total surface area of heat exchanger network from DTmin. 1, old
type heat exchangers; 2, new plate heat exchangers for positions HE1, HE 4, HE 6, HE 7;
DTmin*, optimal temperature difference of heat exchanger network, �C. Note: at
DTmin/ 0, S/N.

Table 2
The parameters estimation for new heat exchangers.

Heat
exchanger

Heat
load,
kW

DTmin Heat
exchange
area, m2

Price including
installation,
USD

aH, W/
(m2 K)

aC, W/
(m2 K)

HE1 841 10 329 338,800 5000 270
HE4 989 18 326 335,800 5000 174
HE6 50 15 37 46,600 195 167
HE7 401 10 620 630,000 100 186
Sum 2,281 e 1312 1,351,200
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taken at 200 USD/kWy, that corresponds to the price of 170 USD for
1,000 m3 of natural gas and for 8000 working h/y. Cost of cold
utilities is accepted as 0.1 from cost of hot utilities, i.e. 20 USD/kWy.
Specific price of heat transfer area is taken equal to 1000 USD/m2.
Installation costs with repiping of 1 heat exchanger is 10,000 USD.
Calculations are made for 5 year contract period and return on
capital employed of 10%.

The calculation of the project cost for sodium hypophosphite
production allows to define optimal value of minimal temperature
difference in heat recovery system, which is equal to DTmin

* ¼ 10 �C.
Modern tendencies of energy carriers market show the possibility
for eventual price rise for some next decades, as was shown by
Kleme�s et al. [22] and Taal et al. [23]. Therefore it is important to
consider the dependence of optimal DTmin in heat recovery system
from energy prices. Such analysis made for energy prices in the
range from 100 to 400 USD/kWy. Cold utility price varied from 10 to
40 USD/kWy. The plot in Fig. 4 shows that there are some changes
of DTmin

* localization under energy price variation. Optimal DTmin
* is

modified within examined range of utility prices. It changes from
18 �C to 4 �C. But the heat recovery system total capitalized value
shows small variations in the range of DTmin˛ 2, ., 18 �C (in more
details for one level of prices see Fig. 9). We can conclude that heat
recovery system of sodium hypophosphite production designed for
DTmin¼ 10 �C will work in mode close to optimal.

The composite curves plotted for DTmin¼ 10 �C show the heat
power which is needed to be supplied for the integrated process
functioning, QHmin¼ 4410 kW (see Fig. 5). This value is on 5371 kW
less than heat load of the process without the recuperation system.

Thus process integration reduces heat consumption on 55%, or
more than two times. The requirement for cold utilities will be
QCmin¼ 2238 kW. It is on 70 % less than that for process without
heat integration. Pinch temperature for hot streams is
THpin¼ 108 �C and for cold streams is TCpin¼98 �C. Estimated heat-
transfer area for heat recovery system is equal to S¼ 3,050 m2 and
number of heat exchangers is 16.

If to set pinch temperatures of hot and cold streams
(THpin¼ 108 �C, TCpin¼ 98 �C) on the process streams population
(see Fig. 6), we can see that all streams are situated below the pinch
point except streams Nos. 13 and No.14. Let us to consider pinch
temperatures for DTmin¼ 4 �C, which are equal to THpin¼ 108 �C,
TCpin¼ 104 �C.When to set these temperatures on grid diagram, the
structure of the process streams population will and pinch point
localizationwill not change. It means that topology of heat recovery
system will be constant for selected variation of DTmin.

2.4. Pinch project for sodium hypophosphite production process

Problem can be divided at pinch. The cold part has 13 streams,
the hot part is simple as it includes two cold streams only. Hot
utilities should be placed on these two streams [24]. After the
accomplishment of pinch designing for stream system below the
pinch point, the grid diagram of heat exchanger network for
sodium hypophosphite production process looks like it is shown in
Fig. 6.

In obtained design the pinch crossing is absent and earlier
defined energy targets are satisfied. Let us build process flowsheet
of sodium hypophosphite production using grid diagram. We can
use existing heat exchange surfaces. Existing air heaters AH-1 and
AH-2 can be utilized on the same positions HE-3 and HE-5. Stream
7 can be heated via steam jacket of the reactor R-1 by Stream 1 after
heat exchanger HE-5. Stream 10 (phosphoric sludge decomposi-
tion) is heated by part of Stream 3 in steam jacket of reactor R4.
Flowsheet of sodium hypophosphite production with 4 additional
heat exchangers is obtained as a result of pinch design with
mentioned remarks (see Fig. 7).

The additional plate heat exchangers are calculated using soft-
ware described by Kapustenko et al. [25]. The calculation algo-
rithms are based on the research results reported in papers for
condensation [26], boiling [27] and multicomponent mixtures
condensation [28]. The estimated technical-economical character-
istics of new heat exchangers presented in Table 2.

The initial estimation of total network heat transfer area is
3050 m2. It is obtained for the values of film heat transfer coeffi-
cients found in the literature [18] for heat exchangers used before
the retrofit (see the last column in Table 1). The comparison with
values presented in Table 2 shows big differences, as plate heat
exchangers have much higher heat transfer coefficients. We have
made the calculations of total heat transfer surface area with
increased values of heat transfer coefficients (as those in Table 2) for
heat exchangers on positions HE1, HE4, HE6, HE7. The results of
such estimation for total heat transfer area and capitalized value
heat exchangers are shown on Figs. 8 and 9. The total heat
exchangers network surface area decreased, as also the capitalized
value of heat exchangers. At the same time the total capitalized
value is lower on 6% than under the use of less effective old heat
exchangers. The optimal value of DTmin becomes equal to 4 �C,
compare to initially determined DTmin

* ¼ 10 �C. Two horizontal lines
Pminþ 1% in Fig. 9 illustrate the levels of total capitalized values,
which are on 1% bigger than their minimal values in each of the
cases.With old type of heat exchangers total capitalized value differ
from its minimum less than 1% in the range of DTmin from 2 �C to
18 �C. For the new type of heat exchangers such range is from 0.7 �C
to 12 �C. But still total capitalized value at DTmin¼ 10 �C differ from

Fig. 9. Capitalized values vs. DTmin and specific energy cost: 1, capitalized value for
equipment for old type heat exchangers; 2, capitalized value for equipment for new
plate heat exchangers; 3, capitalized value for energy; 4, total capitalized value for old
type heat exchangers; 5, total capitalized value for new plate heat exchangers; DTmin*,
optimal temperature difference of heat exchanger network, �C. Note: at DTmin/ 0,
total capitalized value/N.

Table 3
The comparison of energy consumptions made for projects with and without heat
integration (for energy price 200 USD per 1 kW year).

Project Hot
utilities,
kW

Cold
utilities,
kW

Recuperation,
kW

Cost of energy
during the year,
1000 USD

Existing process 9781.0 7610.0 e 2108
Integrated process

DTmin¼ 10 �C
4410.0 2238.0 5371.0 927

DTmin¼ 4 �C 4330.0 2163.0 5451.0 909
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its minimum less than 1%, that can be considered as fairly allowable
limit for practical accuracy.

The results presented on Figs. 8 and 9 illustrate the influence of
disturbance in overall heat transfer coefficients for the case when
more effective equipment with higher heat transfer intensity is
utilized. Problem can arise when heat transfer drops due to fouling.
To account for this effect initial calculations made for overall film
heat transfer coefficients, which values are presented in Table 1. It is
conventional approach in literature on process integration, where
typical values of overall film heat transfer coefficients for a number
of industrial applications are presented (see e.g. [12]). The more
precise values accounting for fouling characteristics of different
heat exchangers working with various streams can be obtained at
detailed network design on a stage of project implementation in
industry. It should be done interfacing network synthesis with
detailed design of individual heat exchangers, as described in detail
by Shenoy [29]. In present study the design of new heat exchangers
(see Table 2) was made with software which accounts for fouling in
plate heat exchangers.

As one can see, the disturbances in internal system parameters,
like fouling and heat transfer coefficients, lead to changes in
optimal value ofDTmin.With change of such external parameter like
energy price, optimal DTmin

* also varies from 18 �C (at price
100 USD/kWy) to 4 �C (at 400 USD/kWy). As it is shown above, the
total cost curve has a relatively flat optimum. Such phenomenon
observed for quite a number of process integration problems [12]. It
gives a fair amount of freedom in choosing the DTmin for HE
network design. In present case study we have chosen
DTmin¼ 10 �C. It is exact optimal value for energy price 200 USD/
kWy and overall film heat transfer coefficients from Table 1. For
other energy prices in examined range the total cost is also very
close to optimal. It enables to estimate the benefits which can be
achieved with process integration.

The comparison of energy consumption for sodium hypo-
phosphite production with and without recovery system is shown
in Table 3. There is significant potential for energy saving using
pinch technology. The economy due to the application of energy
recovery system is 1,181,000 USD at energy price 200 USD/kWy and
DTmin¼ 10 �C. Installation of new recuperative heat exchangers will
cost about 1,400,000 USD and payback period is 14 months. The
estimation of energy requirements for DTmin¼ 4 �C (see Table 3.)
shows just 2% improvement. It would require 5% increase of total
heat transfer area and respectively rise in investment cost. At the
same time the increase of energy price will make proportional rise
in economy (to 2,362,000 USD at energy price 400 USD/kWy and
DTmin¼ 10 �C). Counting for big uncertainties in energy prices
which the world experienced recently, the design for DTmin¼ 10 �C
can be regarded as optimal at available level of prediction for
economical factors. This value ofDTmin is also satisfying the physical
constraints, not jeopardizing the feasibility of the process in any
heat exchanger of the network.

3. Conclusion

The reported case study has shown considerable potential for
energy saving in sodium hypophosphite production, which would
also substantially reduce the environmental impact caused by the
emissions. Results obtained indicate remarkable improvement in
energy usage by the application of process integration techniques.
The optimised design is expected to yield reduction 55% of hot and
70% of cold utilities. Payback period is close to 14 months, however
with the probably to increase if the energy prices this period would
be even shortened. The influence of uncertainties in system
parameters estimation has been analyzed. The use of heat

exchangers with higher heat transfer coefficients, in this case Plate
Heat Exchangers, enables to lower capital investment.
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Appendix 1. Composition of process streams.
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No Stream name Components Composition,
% (mass)

1 Cooling after following
reactor

NaH2PO2

Na2HPO3

CaHPO3

H2O

17.1
5.2
7.6
70.1

2 Cooling after evaporation NaH2PO2

Na2HPO3

H2O

57
9
34

3 Condensation of vapor H2O 100
4 Cooling of condensate H2O 100
5 Exhaust gas 1 Free air

H2O
96
4

6 Exhaust gas 2 Free air
H2O

96
4

7 Heating of Ca(OH)2 solution Ca(OH)2
H2O

65
35

8 Heating of NaOHeCa(OH)2 suspension NaOH
Ca(OH)2
H2O

31
22
47

9 Phosphorous sludge preparation P4
Mineral part
H2O

50
10
40
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