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Financial Risk Management in the Planning of Energy Recovery in

the Total Site'

Miguel J. Bagajewicz* and Andrés F. Barbaro
University of Oklahoma, 100 E. Boyd T-335, Norman, Oklahoma 73019

A two-stage stochastic formulation to plan the implementation of heat integration in the total
site over a long-term horizon is presented. Uncertainty in the price of heating utility and the
operational level of the plants is considered. Financial risk is introduced and its management
is discussed and incorporated into the model. Finally, a multiperiod model for the detailed heat-

exchanger location planning is presented.

Introduction

Heat integration across plants can be at times very
profitable. The designs can be implemented either
directly using process streams or indirectly using an
intermediate fluid such as steam or dowtherms. Morton
and Linnhoff! used the overlap of grand composite
curves to show the maximum possible heat recovery
between two plants using steam as an intermediate
fluid. Ahmad and Hui? also used the concept of overlap-
ping grand composite curves to study direct and indirect
heat integration and proposed a systematic approach
for heat recovery schemes for interprocess integration.
The concept of “Total Site” was introduced by Dhole and
Linnhoff3 to describe a set of processes serviced by and
linked through a central utility system. Rodera and
Bagajewicz* discussed the energy integration between
a crude unit and an FCC unit. Finally, a linear
programming model to target maximum energy savings
for heat integration across plants was presented by
Rodera and Bagajewicz® who introduced the concepts
of “assisting” and “effective” heat. They showed that
heat transfer among plants may occur in three regions:
above pinches, between pinches, and below pinches, as
shown in Figure 1. Indeed, Rodera and Bagajewicz®
proved that heat transfer between pinches leads to
energy savings, reducing the total site heating and
cooling utilities. The amount of heat transferred in this
zone is referred to as “effective heat” (Qg). In addition,
they showed that no net savings could be obtained by
transferring heat in the regions above or below pinches.
However, heat transfer from Plant 1 to Plant 2 in either
of these regions (Qa, Qg) can facilitate the transfer of
heat in the region between pinches, increasing the
energy savings; hence, Qa and Qg are referred to as
“assisting heat”. Rodera and Bagajewicz® also showed
that in some cases assisting heat could not be delivered
to de-bottleneck one plant because the receiving plant
is limiting such delivery and, hence, maximum effective
heat cannot be achieved. Bagajewicz and Rodera®”’
extended the original case for two plants to multiple
plants and presented an industrial case study where the
integration of four units in a petrochemical complex
(Crude fractionation, FCC, Alkylation and Claus plant)
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Figure 1. Directions of heat transfer for the two plants case.

is determined. They also proposed a methodology for the
design of multipurpose heat-exchanger networks.8

In this paper, an MILP formulation to plan the
implementation of energy savings in the total site over
a long-term horizon is presented. To develop this model,
the location of all pinches, including the “combined
plant” pinch, must be considered. The goal is to deter-
mine the timing and size of capacity expansions to
achieve maximum profitability. We extend a recent
formulation,® which simultaneously targets capital and
operating cost of a heat-exchanger network. The for-
mulation corresponds to a transportation model, rather
than the classical trans-shipment one.

A two-stage stochastic formulation with risk control
to plan the implementation of energy savings in the
total site over a long-term horizon is also presented. The
goal of the model is to determine the time, size, and
location of expansions in the heat-exchanger network
to achieve maximum savings. In two-stage stochastic
programming models, the expansion schedule is decided
before the uncertainty is realized, and only some
recourse actions can be taken to adjust to the actual
conditions. The formulation simultaneously targets
capital and operating cost of a heat-exchanger network
through a mixed integer linear programming transpor-
tation model. In principle, the uncertain parameters for
this model are as follows: (a) flow rate of each stream;
(b) inlet temperature of each stream; (c) utility prices;
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Figure 2. Heat transfer from plant | to plant k.

(d) heat-exchanger cost prices; (e) interest rates used
to calculate discount factors.

A simplified model that only considers as uncertain
parameters the throughput of each plant and the price
of heating utility is presented here. These two param-
eters are the ones with a higher stochastic nature due
to the normal variability in plant throughput and the
volatility in the fuel prices. It is assumed that flow rate
of each stream in the plant will vary accordingly with
the corresponding throughput.

Economic risk associated with the uncertainty is an
additional factor to be accounted for in the two-stage
stochastic model. We first introduce a model without
the inclusion of financial risk that has a structure
similar to the stochastic programming model described
by Liu and Sahinidis!® for the capacity planning prob-
lem. Financial risk constraints are added later.

Deterministic Planning Model for Direct Heat
Integration of N Plants

The formulation considers the direct heat integrations
of N plants and takes into account the resulting utility
savings and the capital cost for the heat-exchanger
network to maximize the net present value (NPV) of the
project. The planning horizon consists of a finite number
of time periods during which utility prices, capital costs,
and the available investment budget can vary. It is
assumed that, at time zero, the plants are individually
integrated and that the heat load and required area for
process—process and utility—process matches are known.

Considering the concepts introduced by Bagajewicz
and Rodera,®’ four different heat-transfer zones for
every pair of plants are defined, as illustrated in Figure
2. In a grass root design case, this partition ensures the
attainability of maximum energy savings at the end of
the investment horizon according to the concepts of
assisting and effective heat transfer. Figure 2 shows the
cascade diagrams of two plants (k and I) for a case in
which the pinch of plant | (6)) is higher than the pinch
of plant k (6x) and the combined plant pinch for the total
site (6cp) lies between them. In general, there will be
four zones (Z1—Z4) for assisting and effective heat
transfer across plants. Each zone is defined through a
set of equations dependent on the pinch locations and
is defined for two purposes: to avoid that heat be
transferred across the combined plant pinch (which

would increment the utility consumption) and to define
the areas for assisting and effective heat transfer.

In the case shown in Figure 2, zone Z; represents the
temperature intervals above the higher temperature
pinch (6)) where only assisting heat (Qa) is transferred
from plant | to plant k. Zone Z; in turn includes the
intervals between the higher temperature pinch (6,) and
the combined plant pinch (6cp) where plant | can provide
effective heat and plant k receive both assisting and
effective heat. Zone Z3 corresponds to intervals between
the combined plant pinch (6cp) and the lower temper-
ature pinch (6x) where plant | can provide effective heat
to plant k. Finally, zone Z, represents the intervals
below the lower temperature pinch (6x) where only
assisting heat (Qg) is transferred from plant | to plant

Model Equations

Before the model equations are introduced, the fol-
lowing sets are defined:

Sets. K = {k| k is a chemical plant}; H = {i| i is a hot
stream}; C = {j| j is a cold stream}; U = {u] u is a hot
utility}; W = {w| w is a cold utility}; M = {m| m is a
temperature interval}; Di/? = {(n,m)| (n € k, m € 1) refers
to pairs of temperature intervals in heat-transfer zone
z}.

The model constraints and objective are explained
next.

Heat Balance for Hot Streams. For any hot stream,
heat can be transferred to cooling utilities (first right-
hand-side term), cold process streams in the same plant
(second term), or cold process streams in another plant:
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Heat Balance for Cold Streams. A cold stream can
receive heat from heating utilities (first right-hand-side
term), hot process streams in the same plant (second
term), or hot process streams in another plant:
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Heat Balance for Hot Utilities. These equations
enforce flow rate consistency for heating utilities by
making the ratio of heat transfer/temperature equal in
all temperature intervals:
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Heat Balance for Cold Utilities. These equations
enforce flow rate consistency for cooling utilities by
making the ratio of heat transfer/temperature equal in
all temperature intervals:
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Savings in Heating Utilities. At every period, the
energy savings are given by the difference between the
initial case without interplant integration and the actual
energy consumption:
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Savings in Cooling Utilities.
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Feasibility of Original Process Matches. The
original existing matches between streams are per-
formed in exchangers that have a certain area. This set
of constraints ensures that the existing area is able to
accommodate the new heat loads:
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Feasibility of Original Heating Utility Matches.
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Feasibility of Original Cooling Utility Matches.
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Area Constraints. The required area for an inter-
plant match between a hot and a cold stream is given

by
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If the required area for a match is greater than the
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existing area, then a new heat exchanger must be
added. This is expressed by the following set of equa-
tions,

t t -1 _ R t
A Ykt = Al — Al = A Y ik
AiZI’<t,jI z Aizlkt,jl (11)

Yii =01 OkleK,k=10z0ieH;0jeC
where A and A are upper and lower bounds for the area
expansion.

Investment Cost. The total investment cost for the
expansions at a certain period is

o= Z ZZ Z (a}k,jl(AiZI’(t,jl - Aizl'(t,j_|1) + ﬂ}k,jl Yizl'(t,u)
z ke Iikie WeC)

Ot (12)

where a and 3 are the variable and fixed heat-exchanger
costs. Finally, the expansion cost is limited by the
investment budget available at each period:

IL<1y Ot (13)

Objective Function. The objective is to maximize
the net present value of the project,

.
NPV = Zdt( Zc{, !+ Zvc;v WE =19 (14)
= ue we

where d; is the discount factor at period t.

The proposed MILP formulation optimizes the heat
transfer across plants to obtain maximum profitability.
Consequently, the model gives, for every time period,
the heat load and the estimated required area for each
interplant stream match. The area estimated by the
model corresponds to a “spaghetti” set of matches and
may differ from the actual network area. As the number
of intervals increases, the area prediction improves.

Example 1

A numerical example is presented next. Consider
three plants. The original heat-exchanger network for
each plant as well as the cost information is shown in
Figure 3. The model results are summarized in Table
1, which shows the heat exchangers added at each time
period (pinch locations 01, 6,, 63, and 6., are 21, 4, 3,
and 4, respectively). Finally, a heat-exchanger network
is shown in Figure 4. The exchangers added in periods
1 and 2 are represented by squares and rhombuses,
respectively.

Observing the results shown in Table 2, some im-
mediate conclusions are evident. For example, it might
be a good idea to consider a higher investment budget
for the first period to avoid the need of adding exchang-
ers for the same matches in the second period. There
are two instances of this case: exchangers 12 and 16
and exchangers 14 and 18. In addition, the fact that no
investment is utilized in later periods suggests that the
original network is limiting the transfer of effective
heat. In other words, if larger savings were sought, then
some existing heat exchangers would have to be elimi-
nated or relocated.

One important feature of the model is that solutions
can be constructed, even for a low number of intervals.
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Figure 4. Heat-exchanger network for the heat loads distribution given by the model.

In addition, once obtained, the solution does not seem
to change structurally for a larger number of intervals,
only the new areas being adjusted. Some of the difficul-
ties rely on the structure of the spaghetti solution, which
sometimes does not correspond truly to the number of
exchangers counted. Future work will include a better
assessment of the area prediction so that the limiting
process of increasing the number of intervals can be
improved and the difference between the spaghetti and
the actual network is minimized. Despite the present

shortcomings, many of them related to the academic
guest of true optimums, we feel that the model can be
used in industrial practice because the solutions it finds
can be implemented without further analysis.

Stochastic Programming Model

A two-stage stochastic model for the planning of
energy recovery in the total site is presented next. This
model for planning of heat integration represents an



Table 1. Intervals Membership to Each Heat-Transfer
Zone

Zone 1 Zone 2
W/k— 1 2 3 N/k— 1 2 3
1 1..21 1.4 1.4 1
2 1.4 1.4 1..3 2
3 1.1 1.1 1.1 3 4.4 4.4
Zone 3 Zone 4
W/k— 1 2 3 N/k— 1 2 3
1 1
2 5..21 2 5..21 5..21
3 5..21 3 4..21 4.21

Table 2. Heat Loads Distribution and Estimated Area
Given by the Model

heat required
HE load area supplier transfer hot receiver cold
time # (kw) (m2) plant zone stream plant stream

T1 1 627.0 101.44 K2 Z1 14 K3 J7
2 566.0 282.98 K2 z4 13 K3 J7
3 6750 251 K3 Z3 16 K1 J2
4 2028.7 190.59 K3 z2 16 K2 J3
5 7649 109.15 K3 z4 16 K2 J3
T2 6 379.6 189.82 K2 Z4 13 K3 J7
7 2506.6 235.48 K2 Z1 14 K3 J7
8 2032.0 125.73 K3 z2 16 K2 J3

extension of the above deterministic formulation and
will be referred to as model SP. The objective function
of this new model maximizes the expected net present
value (NPV) over two stages of the capacity expansion
project. The expected net present value is composed of
the cost savings due to the reduction of heating and
cooling utilities needs and the investment cost. The
investment cost is represented by a term that is
proportional to the capacity expansion and a fixed
charge term that accounts for economies of scale.

In contrast to the deterministic formulation, this
model considers a single heat-transfer zone given that
the position of each plant pinch will vary for the
different scenarios due to changes in streams’ temper-
atures and/or flow rates. The model is presented below.

Model SP

Max NPV = zz Zps ct Ul +
2 2 ey — 31t (15)

subject to
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The first-stage decisions consist of a set of binary
variables (Y) and continuous variables (E). The binary
decisions represent the selection of a capacity expansion
in the heat-exchanger network, which occurs when new
heat-exchange area is added to the network. The
continuous decision variables are in turn the size of the
area addition. In turn, the second-stage decisions are
the heat flows between streams at each instance of
uncertainty.
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In this model, uncertainty is described by finitely many,
mutually exclusive scenarios s that are independent of
the first-stage decisions.

Constraints guaranteeing lower and upper bounds for
the capacity expansion and the total capacity available
are represented by eqs 16—18. These constraints force
expansions to be zero whenever the corresponding
binary decision variable is zero. In turn, eqs 19-21
define the total installed area for the corresponding
match at every time period. Equations 22 and 23 define
the investment cost and limit it to the available budget.
Equations 24 and 25 express the savings in heating and
cooling utilities, respectively. Equations 26 and 27
represent the energy balances for each stream and
temperature interval. Finally, inequalities 28—30 en-
sure that the required area for the heat transfer does
not exceed the installed area.

This model maximizes the expected net present value
of the project, yet it does not provide any insight on the
risk associated with the investment. Thus, a framework
for the evaluation of the financial risk needs to be
developed.

Definition and Incorporation of Financial Risk

The concept of financial risk is related to the prob-
ability of not attaining the expected profit level from
the invested capital. In this sense, the risk associated
with a given expectation level Q is defined as follows:

Risk(Q) = P(NPV < Q) (32)

This definition of risk is not novel and has been used
previously to assess (but not manage) risk, one of the
most notorious examples being the petroleum explora-
tion and production field.!* Risk has also been associated
with “robustness” through the variance Mulvey et al.,1?
to downside risk by Eppen et al.,'2 to the upper partial
mean by Ahmed and Sahinidis, and to regret function
measures by lerapetritou and Pistikopoulos.’* Sym-
metric measures such as variance penalize also good
scenarios, so they are to be avoided. Barbaro!® has
proven that downside risk is related to risk, as defined
above, and used it as an alternative measure. The upper
partial mean is inappropriate as it does not render
optimal second-stage values and regret functions are
just one instance of the sampling average algorithm
used to solve risk-constrained problems.

The way to evaluate and manage the financial risk
proposed in this work is to use the risk associated with
each scenario, which is defined by the probability
P(NPV® < Q). To account for this probability, a new
binary variable is defined for each scenario that will
determine if a factor of risk is present or not (one or
zero value, respectively). This variable is related to the
lower bound in the net present value (profit expectation
level) and the net present value for the realization of
the individual scenarios by!6:15

1 S
zS—[ NPV hses (33)

o NPV = Q@

Therefore, the following relation expresses the finan-
cial risk in terms of the probabilities of each scenario:

NS
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Figure 5. Cumulative risk curve.

This equation can be used to impose an upper bound
in the amount of risk allowed for a given profit expecta-
tion. These constraints have also been presented by
Gupta and Maranas,'” but not used.. The constraints
that define the management of risk are detailed next.
Thus, a new model considering risk management com-
posed by all equations in model SP plus constraints (35)
can be defined. This model is referred to as model
SP—-FR.

NS
p°z® < T(Q)

£
NPV® < Q + U1 — 2 (35)

NPV° > Q—-U2 [OseS

Here, Us is an upper bound that forces z° to take the
proper values. In this way, model SP—FR will render
solutions that maximize the expected net present value
and also have the desired level of financial risk.

Clearly, the financial risk is a function of the profit
expectation. The behavior of the financial risk can be
assessed using the cumulative risk curve, as shown in
Figure 5.

For a given design, the cumulative risk curve shows
the level of incurred financial risk at each profit. As one
would expect, the risk of not meeting very low expecta-
tion levels will be null whereas very high profit expecta-
tions will have full risk. When only a finite number of
scenarios are considered, the cumulative risk curve is
a discontinuous step-shaped function. However, when
the number of scenarios increases, the curve approaches
the continuous behavior.

Management of Financial Risk

Handling the shape and position of the curve are the
main interests of the decision maker. A risk-averse
investor may want to have low risk for some conserva-
tive profit aspiration level, while a risk-taker decision
maker would prefer to see lower risk at a higher profit
aspiration level, even if the risk at lower profit values
increases. Figure 6 illustrates a hypothetical example
with these two types of risk curves.

Clearly, the intention of the model SP—FR is to
identify designs that maximize the expected profit and
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also have the lowest financial risk possible. However,
there are certain theoretical limitations for the risk
associated with a given design. These limitations are
expressed in the following theorem.

Theorem: The cumulative risk curve associated with
any feasible design to model SP—FR cannot lie entirely
below the risk curve associated with the optimal design
to model SP.
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Table 3. Problem Data
Plant Throughput

K1 K2 probability
0.90 0.90 0.25
1.00 1.00 0.50
1.10 1.10 0.25

Utility Costs $/(KW yr)
T1 T2 probability
H1 88.88 106.65 0.25
106.65 142.20 0.50
88.88 106.65 0.25
C1 6.83 6.97
Exchanger Costs $/(kW yr)
T1 T2

a 64.96 66.24
p 7545.76 7693.71

Original HE Area and Load

m2 kw
1 1462.6 m2 10000
2 3357.6 9000
H1 2109.5 13750
H2 1386.9 15000
Cl 1585.2 7000
c2 1339.2 6000
Discount Factor for NPV
T1 T2
1.00 0.952
Profit and Risk Expectation
W $200,000
T(Q) 0.40

The proof of this theorem is given by Barbaro and
Bagajewicz.’® This theorem states that the risk curve
associated with the optimum design to model SP sets a
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Figure 11. Designs for example case.

Table 4. Heat Loads Distribution and Estimated Area
Given by the Model

period hot stream.plant cold stream.plant area, m?
Model SP Solution
T1 13.K1 J1.K1 2441.2
T1 11.K1 J2.K2 614.5
T1 12.K2 J3.K2 1614.6
T2 11.K1 J1.K1 2369.9
T2 12.K2 J1.K1 399.7
Model SP-FR Solution
T1 13.K1 J1.K1 2460.3
T1 11.K1 J2.K2 601.5
T1 12.K2 J3.K2 1608.5
T2 11.K1 J1.K1 2395.8
T2 12.K2 J1.K1 373.8

theoretical limit. It is possible to find designs that have
lower risk for some range of profit expectation but
inevitably they will have a higher risk at other expecta-
tion levels. This behavior is shown in Figure 7.

As mentioned before, the intention is to manage the
risk curve to obtain a design that has a high expectation
of net present value and a risk that meets the criterion
for investment. This criterion is usually determined by
the risk premium of other investment possibilities for
the available capital budget.

Example 2

Solving the model SP—FR for several test cases, it
was observed that designs that operate at full capacity

in every scenario would have a risk curve almost
identical to the one corresponding to the optimal design
to problem SP, as depicted in Figure 8. To illustrate
this behavior, a small example was chosen. The problem
data are given in Table 3 and Figure 9, and the resulting
designs are shown in Table 4.

Modified Model Heat Integration Model

To reduce the risk, especially at high expectation
levels, we need to allow designs that may not be cap-
able of operating at full capacity for every instance
of uncertain parameters. The effect of operating at a
lower capacity for some unfavorable scenarios is
that designs with lower capital investment may
become available; hence, the associated risk can be
reduced at higher profit expectations. However,
there is a cost penalty for not operating at full
capacity, which is associated with the profit not per-
ceived by the lower production. In commodity plants,
for instance, this penalty is given by the difference in
the cost of the product produced at the plant and
the price of buying it from another market supplier.
Thus, a simple penalty term can be added to the
model SP—FR to account for the cost of operating
at lower capacity. The new objective function and
constraints to be included in model SP—FR are
described below. This modified model is referred to as
SP—FR-C.
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Example 3

Figure 10 shows the risk curves corresponding to to
three different designs for example 2 presented in the
previous section. The original heat-exchanger network
as well as the final designs are shown in Figure 11.

This small example is intended to illustrate how
the risk curve can be handled by using the model
SP—FR-C in comparison with a design that only
maximizes the expected net present value using model
SP, and a design obtained with the deterministic model
considering the mean value of the uncertain parameters.
Notice that the alternative design would be a better
option if one wanted to have low risk at high expecta-
tions. However, this design has a higher risk of not
meeting low expectation levels compared to the optimal
design to model SP, as the stated theorem predicts. On
the other hand, the risk curve for solution of the
deterministic model shows very high risk at low expec-
tations, which makes the design less attractive.

Quite clearly, there are numerical limitations that
emerge from the use of this model. In practice, one may
think of using a large number of scenarios, and in such
case, one would be adding one binary variable per
scenario. There are, however, practical ways around this
limitation: (a) One can introduce and use downside risk,
which does not rely on binary variables, and (b) one can
start using the sample average algorithm as used by
Verweij et al.18

Conclusions

The concept of financial risk has been incorporated
into the heat integration planning problem by using a
two-stage stochastic formulation and a probabilistic
definition of risk. Theoretical results and observed
behaviors of the risk curves were discussed in relation

Ind. Eng. Chem. Res., Vol. 42, No. 21, 2003 5247

to the management of risk. A new formulation that
allows designs operating at lower capacity proved to be
an effective tool for risk management.

Nomenclature

K = {k| k is a chemical plant}; (k=)

I ={i| i is a hot stream}

= {j| j is a cold stream}

{h| h is a heating utility}

{c| c is a cooling utility}

{m| m is a temperature interval}; (m = n)

i = {m] m is a temperature interval in which stream i
exists}

I = {i| i is a hot stream that exists in the temperature

J

H
C
M
M

interval m}
Z ={z| z is a heat-transfer zone}
Padgijmn = {(z, k, I, i, j, m, n)| (z, k, I, i, j, m, n) define a

feasible direction for heat transfer}

T = {t| tis a time period}

S = {s| s is a scenario of uncertain parameters}

A = heat-exchanger area

Bt = Investment budget at period t

¢ = cost

E = heat-exchanger area expansion

f = normalized plant throughput (f =1 for nominal capacity)

It = investment cost at period t

p = probability

q = heat transferred

U = energy savings in hot utilities

U° = utility consumption if none of the original heat-
exchanger network were operating

Y = binary decision that decides whether a capacity

_expansion is produced or not

W = energy savings in cold utilities

o = variable cost of heat-exchange area addition

p = fixed charge cost of heat-exchange area addition

y = penalty cost coefficient for operating at reduced
capacity

® = normalized capacity factor (& = 1 for operation at the
required capacity for the scenario)

AH = enthalpy change
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