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Abstract 

This paper proposes a screening method for evaluating the cost penalty of alternative 
cogeneration solutions intended to handle variable-and-mismatched demands of power 
and heat. The method uses a simplified model for off-design performance that is 
sufficiently reliable for screening purposes.   
The method is explained. The example of a stand-alone gas-turbine-power cogeneration 
system supplying given variable demands of power, cooling and heating of mismatched 
profiles is considered. A suitable basic configuration is investigated. A solution for a 
case with time-independent power-tracking products is obtained. The solution is run 
through the variable demand cycle to reveal the resulting fuel penalty. Improved design 
points of the time-independent solution as well as structural modifications aiming at 
reducing the penalty are introduced and the investigation is reiterated. The results of the 
various solutions are compared for cost effectiveness.  
The analysis shows complex interactions between the set design points of solutions and 
the profiles of the products’ demands that can obscure insight. Screening methods 
become most helpful for good engineering judgment. Reliable screening methods may 
reshape the cogeneration design practice for variable demands particularly in the field of 
air conditioning.  
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1. Introduction 

Designers of energy systems face two 

classes of design problems. Class 1 problems are 
base-load design problems. Most of the time 
fueling and production are time-independent. 
Class 2 problems are variable-load design 
problems. Fueling and/or production are always 
time-dependent. 

Fossil fueled systems producing storable 
products and base-load power generation 

systems belong to class 1. Solar energy fueled 

systems and systems cogenerating variable 
demands of power and process heat belong to 

class 2. 

For class 1 problems, the production rate is 
well-defined by a constant demand rate. 
Designing all system devices for minimum cost, 

given the demand rate, becomes an important 
and appropriate objective. A system of a given 
configuration will operate most of the time at the 
design demand rate. The loading and the 

efficiency of each device in the system are 
optimized such that the overall system cost 
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incurred by fuel and devices, allowing for 
maintenance, is minimized. 

For class 2 problems, a design satisfying 
minimum cost still needs to be sought but a 
constant load design cannot guarantee minimum 
cost. For example, for a power-and-heat 

cogenerating system, the system may operate for 
a duration as low as 1% of the time at maximum 
power demand and, for a large percentage of the 
time, at say 70% of the maximum power 
demand. Having the optimal design point meet 
the short maximum power duration is 
meaningless, while having it meet the 70% 
demand may be under-designing, and having it 

meeting the minimum is surely under-designing. 
Moreover, the produced heat rate associated with 
the power demand is often different from the 
heat demand resulting in a mismatch between the 

heat available and heat demand. 

To evaluate the penalty of both the variable 
and the mismatched aspects of demands in a 
cogenerating system, a stand-alone (grid-

independent) gas turbine-based system producing 
power as well as chilled and hot water for 
cooling and heating purposes is considered. 
Hypothetical power and thermal loads capturing 

typical variations and mismatches are assumed 
for a repeatable summer demand cycle. This 
paper introduces a methodology for screening 
variable-demands cogeneration solutions for 

minimum production cost. A follow-up paper 
will evaluate the quality of the simplified off-
design performance model against a more 
sophisticated one. 

2. Problem Complexity  

In mathematical terms, the decision 
variables {Y}of a system computational 
algorithm (given the dependent 

variables{x}along with their constraining 
relations) are optimized for a given cost 
objective function J by the following two sets of 

equations: 

Class 1 problems: 

∂ J({Y})/∂ Yi= 0, i =1,2... n decisions (1) 

Class 2 problems 

∂ [ 0∫
τ J({Y},t)dt ] /∂Yi= 0, i =1,2... n decisions (2) 

In both equations the constraining relations 

are satisfied. In equation (2) τ is the time span of 
repeatable demand cycle. Obviously, handling 
the differentials of the time integral of equation 

(2) is much more difficult than handling those of 
the time-independent equation (1) which is 
already complicated by the large number of 
decision variables. However few methodologies 

are now available to handle equation (1). 
References (Gaggioli, 1983; Torres et al., 1996) 
provide examples of these methodologies.  

One way of dealing with equation (2) is to 
optimize the configuration and the devices for 
time-independent situation, then run the obtained 
solution in an operation mode with a chosen 
control strategy through the load profiles to 
compute the additional fuel penalizing the 

objective J. The operation mode requires the 
burden of computing the off-design performance 
of each device in the system followed by the 
derivation of the off-design performance of the 

system itself for that control strategy. 
Convergence to a system performance point in 
this derivation is not always guaranteed. The 
computational cycle is then repeated with 
modified decisions in the direction of minimizing 
J. This is all right if we have one configuration to 
investigate. Unfortunately, a larger number of 
configurations emerge for class 2 problems 

compared to class 1 problems. This is caused by 
the large variability in demand profiles and the 
large number of design decision variables.  

3. A Simplified Operation Model 

Figure 1 shows the optimal design 
procedure for both class 1 and 2 problems. Class 
1 problems go through 4 basic procedures 
(describe, compute, optimize and reconfigure). 

Class 2 problems go through two further 
procedures (obtain off-design performance, 
operate).  

As mentioned earlier, the off-design 

procedure is lengthy and not free from 
convergence problems while the number of 
configurations to be examined is large. The 
procedure is greatly enhanced if the problem can 

be transformed somehow to a class 1 problem. 
This may be achievable by a simplified operation 
model. The following establishes the one used in 
this paper.  

Let the model assume that the only thing 
known about the off-design performance of a 
system is an overall system efficiency as a 
function of the variation of one of its products, 

say power. Let the model establish actual 
operation by a deviation from ideal operation. 
The ideal operation assumes constant efficiencies 
where all off-design efficiencies of system 

components, as well as that of the system, remain 
constant at their design values.  The deviation 
from this ideal off-design performance is derived 
from the assumed overall system performance 
equation. 

An overall system power-to-fuel efficiency 
may be adequately presented by a quadratic 
equation in load fraction X, as 

ηs = P/F =  a + b * X + c * X
2    (3)  

where ηs   is the overall system power efficiency, 
P is the power produced, F is the fuel used at P, 
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X is the power load fraction P/Padp. Padp is the 
average daily peak loading.  Po is design power 
at X=Xo where Xo has a value around 1 
depending on the duration of peak loads of the 
demand profiles. In this study Xo = 0.9 is 
considered appropriate for the given power 

profile. The constant a is an extrapolated 
efficiency at X=0. The ratio of efficiency at X=0 
to that at Xo defines a unique set of off-design 
performance efficiencies as illustrated in Figure 
2. The selected ratio should be quoted from 
operating plants of similar application. 
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Figure 2.  Overall system efficiency ratio 

vs. load fraction.  

At X= Xo,  the fuel at design point is Fo, and the 

design efficiency is ηs
o. 

A heat exchange and an exergy destruction at 
X=Xo  are Qi

o and  Di
o 

Fuel at any power demand 

F =  P/ηs (4) 

Fuel assuming design efficiency ηs
o  

Fηso
  = P/ ηs

o  . (5)  

Fuel penalty at any power demand  

δF= F- Fηso  = (1/ηs  - 1/ηs
o )*P. (6) 

Exergy of fuel penalty 

δEF  = δF*EF/Hh (7) 

Heat deliverable at any power demand  

Q=F- P = (1/ηs -1)*P (8)  

Fηso
  / Fo  = P/Po. (9) 

where EF is the fuel exergy per unit mass and Hh 
is its higher heating value. 

Let all heat exchanged be augmented by a 
factor FQ and all exergy destructions be 
augmented by a factor FD, each factor being >1. 
Then 

FQ = [0 ∫
τ (P*(1/ηs-1)/(1/ηs

o-1)* dt] / τ (10) 

FD = [0 ∫
τ (1+ δEF / Σ Di

o )* dt] / τ (11) 

where Di
o is an exergy destruction of a device at 

the system design point.  For ideal operation FQ 
= FD =1 

In the model above, the change in off-
design performance is only in the stream rates 
through the devices and not the states between 

the devices. The fuel penalty δEF raises both the 
levels of heat exchanges and exergy destructions.  

The model above is guided by a study made 
to predict the off-design performance of a simple 
combined cycle of a given control strategy from 
the design models of its devices (El-Sayed, 
1999). The study showed the adequacy of a 
quadratic form of the overall system power/fuel 
efficiency. The study also showed uneven 

distribution of the fuel penalty as well as changes 
in system states in a way depending on the 
control strategy. For example at X = 0.8, the 
exergy destructions were 1.02 to 1.6 times their 
value at Xo . The model above avoids the lengthy 
computations of the changes in the system states 
as a function of the power ratio X at the expense 
of assuming an even higher level of heat 
exchanges and exergy destructions and, in return, 
of examining a large number of configurations. 
However, when considering a most promising 
configuration, it is worthwhile to go through the 
lengthy computations as used in reference (El-
Sayed, 1999). 

4. The Investigated Problem  

The basic system, Figure 3, consists of a 
simple gas turbine power unit burning natural 
gas, heat recovery steam generator, a single stage 
LiBr/H2O absorption refrigeration subsystem for 
cooling, a steam heating coil for heating and a 
water heater for domestic use. Two recovery 
ideas are introduced: a gas turbine regenerator 
and a vapor-compression cooling unit.  The 
numbers assigned to the devices and to the states 
for the purpose of computation are indicated. The 
problem has in total 33 devices, 60 states and 
106 decision variables. The decision variables 
consist of 28 boundary pressures and 
temperatures, 53 efficiency parameters (local 
decisions), 5 global thermodynamic decisions, 
and 20 ground-rules decisions. Fuel and product 
prices and capital recovery rate are among the 
ground-rules decisions. The local and the global 
decisions can be handled by automated 
optimization. All the decisions can be changed 
manually. However, the boundary and ground 
rules decisions are kept constant most of the 
time. 

Figure 4 shows the demand profiles of 
power, cooling, heating and hot water assumed 
as given and the values that characterize their 
variability. The figure also shows the available 
power-matching cooling, heating and hot water 
profiles for the reference case design. For the 
convenience of establishing the method, the 

period τ of repeatable pattern is taken as 24 hrs. 
The minimum duration of a load is taken as one 
hour. Neither the period nor the duration put any 
limitations onto the method. In evaluating off 
design operation, it is helpful to think of the load 
factors of the demand profiles as time duration 
ratios of on-off operation at design conditions.  
However in this study the efficiency obeys a 

relation described by Eq. (2).    

The basic system is first treated as time-
independent (class 1) problem.  A solution 
defined by constant and power-matching 
demands and a set of feasible decision variables 
{Y} is computed and then run through an 
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automated and/or manual optimization process to 
minimize production cost by changing the 
decision variables. The treatment of class 1 
problems is explained in detail elsewhere (El-
Sayed, 1996; El-Sayed et al., 1999). The costing 
of devices is based on design models for the 
devices to respond to efficiency changes. They 
are, however, compared to available market-
place prices, such as reference (RSMeans, 2000).  

In this study the computations are 
augmented by an operation subroutine based on 
the simplified operation model described above. 

Any obtained solution, whether optimum or not, 
can be run through the operation repeatable times 
to compute the fuel penalty of variable demands. 
The objective function J is the production cost 
and is computed on two steps according to the 
equation: 

J= (cost of fuel+capital)constant power matched demands  
+ (penalty cost of fuel+capital)variable power mismatched 
demands (12) 

Other operation and maintenance costs are 
assumed constant ratios of fuel and capital. 
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Figure 4.  Demand and available profiles

The considered system handles mismatches 
simply by dumping and refiring. Hot gases are 

vented at the exit of the gas turbine when 
available heat is more than demanded and re-
firing more fuel at the exit of the gas turbine 
when available heat is less than demanded. When 
heating and cooling demands are satisfied and 
excess heat goes to the domestic hot water, hot 
water is dumped.  

A regenerator is proposed to recover heat 
from the vented gas by heating the air before 
entering the gas turbine combustion chamber.  

A vapor-compression (R12 for the time 
being) refrigeration cycle for cooling is proposed 

to reduce re-firing when the absorption 
refrigeration cooling is less than demanded. 
No measures are taken to recover heat from the 
dumped domestic hot water. 

5. The Investigation Made 

Several runs were made to investigate the 
influence of the basic system design points, the 
design points of recovery devices, and the degree 

of departure from ideal performance. Figure 5 is 
a cost-efficiency diagram that shows the effect of 
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the design efficiency of the system on its 
efficiency under time-dependent operation. 
Variable operation reduces efficiency and 
increases cost. However, higher design 
efficiency allows higher operating efficiency. 

Table 1A of the appendix is a computer 
output presenting an investigation of eight runs. 
Run 1 has the reference design case of the basic 
system. Neither the regenerator nor the vapor-
compression unit is cost-effective.  

Run 2 has a time-independent design point 
of minimized production cost that happened to 
be a high-level efficiency run. The regenerator is 
not needed because of the absence of hot gas 

venting. The VC unit is needed and weakly cost-
effective. Run 3 has the same design point as run 
2 but the VC unit is sized on mean load rather 
than the maximum load of the reference run. The 

cost effectiveness was improved and provided 
room for an ice-making storage unit. Note that 
time-independent minimum cost does not 
necessarily mean time-independent maximum 
profitability. The latter depends on the market 
values of the four products.  

Run 4 has a time-independent design point 
of low level efficiency of most of the devices of 
the basic system. The VC unit is not needed 
because of the lack of re-firing. The regenerator 
is strongly cost-effective having already room for 
storage medium for the energy of the vented hot 
gas. Run 5 uses a larger temperature terminal 
difference for regenerator and the cost-

effectiveness improves further. Run 6 sizes the 
regenerator on mean load with a large cost-
effective improvement. 

 
Figure 5.  The cost-Efficiency Plane. 

Run 7 and 8 reveal the sensitivity of run 1 
to changes in the assumed overall system 
efficiency of the screening method. Run 7 
assumes ideal operation of efficiency ratio of 1 at 

all off design loads. Run 8 assumes a variable 
ratio from 1 at design load to (-0.2) at zero 
extrapolated load (run 1 assumes an efficiency 
ratio of 0.2). For run 8, the deviation factors from 

ideal performance reached 1.5 but the cost 
increased by 6 % only from the ideal case of run 
7. 

The computer program of this paper and the 
detailed information on which Figure 5 is based 
are available upon request free of charge. The 
following are some interesting features: 

• Complex interactions exist between the 
design point of a cogenerating system and the 

demand profiles of the products. The complexity 
can obscure insight to improvement without 
running a sought design through the load 
profiles. 
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• Neither the regenerator nor the vapor 
compression unit was cost effective for the 
reference design case. Raising the design 

efficiency, the vapor compression unit became 
cost effective and the regenerator solution was 
not needed since no dumping was necessary. 
Lowering it, the regenerator became cost 

effective and the vapor compression solution was 
not needed because there was no re-firing. 
Assuming storage and sizing on mean load 
improved the cost effectiveness in both cases. 

• The assumption of an overall system 
performance equation guided by experience from 

similar existing plants does not seem to affect the 
reliability of a screening method. 

Runs assuming constant power production 
by allowing buying and selling transactions with 

the grid at the market-place power price have 
higher operation efficiency and lower unit 
production costs than those of the stand-alone 
case as shown by Table 3A of the Appendix. The 
value of the produced power influences both 
efficiency and cost. 

6. Conclusions  

The following observations are of general 
interest for load profiles, boundary conditions 
and ground rules similar to those of this 
investigation: 

• Time-independent operation has the lowest 
unit production cost and the highest operation 

efficiency. Constant power production by fair 
buying and selling transactions with the grid are 
second-best choice. Wild load profiles should be 
avoided. 

• For a given set of load profiles, the design 
point of a system influences the inefficiency of 

operation and the recovery strategy of the simple 
dumping/re-firing solution. 

• The large number of variables involved in 
load profiles and system design efficiency raises 
the importance of a screening method. 

• A screening method assuming an overall 
system operation efficiency quoted from similar 

existing plants will have little effect on the 
reliability of the method. 

APPENDIX 
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Nomenclature 

a Constant  
A Surface area 
b Constant 
c Constant, a unit cost ($/kWh) 
D Exergy destruction rate  (kW)  

E Flow exergy  (kW)  
F Fuel rate  (kW), deviation factor from 

ideally controlled operation 
H Heating value 

J Production cost objective function ($/h) 
P Power 
x Dependent variable 
X Load ratio demand/design 
Y Decision variable  
Z Cost of an energy conversion device  

Subscripts 

c cooling 
D, d exergy destruction 
f fuel 
G global 
h heating, higher heating value 

L local 
p power 
Q heat exchange 
s First law efficiency 

w hot water 
z capital recovery rate 

Superscripts 
o design value 

Greek Symbols 

η Efficiency  

τ Time period of a repeatable load profile 
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