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Chapter 4
COGENERATION

Industries that use large amounts of process heat also consume a large
amount of electric power. Therefore, it makes economical as well as engi-
neering sense to use the already-existing work potential to produce power
instead of letting it go to waste. The result is a plant that produces electric-
ity while meeting the process-heat requirements of certain industrial pro-
cesses. Such a plant is called a cogeneration plant. In general, cogeneration
is the production of more than one useful form of energy (such as process
heat and electric power) from the same energy source.

Now let us examine the operation of a process-heating plant closely. Disre-
garding any heat losses in the piping, all the heat transferred to the steam in the
boiler is used in the process-heating units, as shown in Fig. 10-20. Therefore,
process heating seems like a perfect operation with practically no waste of
energy. From the second-law point of view, however, things do not look so per-
fect. The temperature in furnaces is typically very high (around 1400°C), and
thus the energy in the furnace is of very high quality. This high-quality energy
is transferred to water to produce steam at about 200°C or below (a highly irre-
versible process). Associated with this irreversibility is, of course, a loss in
exergy or work potential. It is simply not wise to use high-quality energy to
accomplish a task that could be accomplished with low-quality energy.
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FIGURE 10-20

A simple process-heating plant.
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Either a steam-turbine (Rankine) cycle or a gas-turbine (Brayton) cycle or
even a combined cycle (discussed later) can be used as the power cycle in a
cogeneration plant. The schematic of an ideal steam-turbine cogeneration
plant is shown in Fig. 10-21. Let us say this plant is to supply process heat Qp
at 500 kPa at a rate of 100 kW. To meet this demand, steam is expanded in the
turbine to a pressure of 500 kPa, producing power at a rate of, say, 20 kW.
The flow rate of the steam can be adjusted such that steam leaves the process-
heating section as a saturated liquid at 500 kPa. Steam is then pumped to the
boiler pressure and is heated in the boiler to state 3. The pump work is usually
very small and can be neglected. Disregarding any heat losses, the rate of heat
input in the boiler is determined from an energy balance to be 120 kW.
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FIGURE 10-21

An ideal cogeneration plant.
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Probably the most striking feature of the ideal steam-turbine cogeneration
plant shown in Fig. 10-21 is the absence of a condenser. Thus no heat is
rejected from this plant as waste heat. In other words, all the energy trans-
ferred to the steam in the boiler is utilized as either process heat or electric
power. Thus it is appropriate to define a utilization factor €, for a cogener-
ation plant as

Net work output + Process heat delivered W, + O p

= = . 10-23
S Total heat input 0. { )
or
e, =1— Q‘ (10-24)
Qin
where 0., represents the heat rejected in the condenser. Strictly speaking,

Q. also includes all the undesirable heat losses from the piping and other

The ideal steam-turbine cogeneration plant described above 18 not practi-
cal because 1t cannot adjust to the variations in power and process-heat
loads. The schematic of a more practical (but more complex) cogeneration
plant 15 shown in Fig. 10-22. Under normal operation, some steam 18
extracted from the turbine at some predetermined intermediate pressure P,
The rest of the steam expands to the condenser pressure Py and 15 then
cooled at constant pressture. The heat rejected from the condenser represents
the waste heat for the cycle.
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At times of high demand for process heat, all the steam is routed to the
process-heating units and none to the condenser (117, = 0). The waste heat is
zero in this mode. If this is not sufficient, some steam leaving the boiler is
throttled by an expansion or pressure-reducing valve (PRV) to the extraction
pressure P and is directed to the process-heating unit. Maximum process
heating is realized when all the steam leaving the boiler passes through the
PRV (ms = my,). No power is produced in this mode. When there is no
demand for process heat, all the steam passes through the turbine and the
condenser (rit5 = nitg = 0), and the cogeneration plant operates as an ordi-
nary steam power plant. The rates of heat input, heat rejected, and process
heat supply as well as the power produced for this cogeneration plant can be
expressed as follows:

Qin = 75’33(}74 - h3) (10-25)
Qout = m?(‘h? o Jhl) (10-26)
Qp = mshs + mghg — mghg (10-27)
Wy = (ring — tis) (hy — hg) + sz (he — hy) (10-28)
@
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FIGURE 10-22

A cogeneration plant with adjustable
loads.
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EXAMPLE 10-8 An ldeal Cogeneration Plant

Consider the cogeneration plant shown in Fig. 10-23. Steam enters the turbine
at 7 MPa and 500°C. Some steam is extracted from the turbine at 500 kPa for
process heating. The remaining steam continues to expand to 5 kPa. Steam is
then condensed at constant pressure and pumped to the boiler pressure of
7 MPa. At times of high demand for process heat, some steam leaving the
boiler is throttled to 500 kPa and is routed to the process heater. The extrac-
tion fractions are adjusted so that steam leaves the process heater as a satu-
rated liquid at 500 kPa. It is subsequently pumped to 7 MPa. The mass flow
rate of steam through the boiler is 15 kg/s. Disregarding any pressure drops
and heat losses in the piping and assuming the turbine and the pump to be
isentropic, determine (a) the maximum rate at which process heat can be
supplied, (b) the power produced and the utilization factor when no process
heat is supplied, and (c) the rate of process heat supply when 10 percent of
the steam is extracted before it enters the turbine and 70 percent of the
steam is extracted from the turbine at 500 kPa for process heating.
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FIGURE 10-23

Schematic and T-s diagram for Example 10-8.
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The work inputs to the pumps and the enthalpies at various states are as
follows:

Woumptin = Vs(Py — Pg) = (0.001005 m/kg)[ (7000 — s)kpa](ﬁ)
— 7.03 kI /kg
Wonmp i = Vs (Pro — P1) = (0.001093 m®/kg)[ (7000 — 500) Ha](ﬁ)
— 7.10 kJ/kg
hy = hy = hy = hy = 3411.4 kI /kg
hg = 2739.3 kI /kg
heg = 2073.0 k]/kg
hy = hy @ s00kpa = 640.09 KJ/kg
hs = hy @ spa = 137.75 kI /kg
he = hg + Woumprin = (137.75 + 7.03) kl/kg = 144.78 kI /kg
o = hy + Woumpmwin = (640.09 + 7.10) kJ/kg = 647.19 kJ/kg

(a) The maximum rate of process heat is achieved when all the steam leaving
the boiler is throttled and sent to the process heater and none is sent to the
turbine (that is, m, = m, = m; = 15 kg/s and m3; = mg = mg = 0). Thus,

Opmax = 11y (hy — hy) = (15 kg/s)[(3411.4 — 640.09) kI/kg] = 41,570 kW

The utilization factor is 100 percent in this case since no heat is rejected in
the condenser, heat losses from the piping and other components are
assumed to be negligible, and combustion losses are not considered.

(b) When no process heat is supplied, all the steam leaving the boiler passes
through the turbine and expands to the condenser pressure of 5 kPa (that is,
m; = mg = m; = 15 kg/s and m, = my = 0). Maximum power is produced
in this mode, which is determined to be

Wiambout = 1 (hs — he) = (15 kg/s)[(3411.4 — 2073.0) kI/kg] = 20.076 kW

Wpump,in = (15 kg/s)(7.03 kJ/kg) = 105 kW
Wnet,out = ' turbout 1.yimmp,in = (20’076 _ 105) kW = 195971 kW = 20-0 MW

Qin = my(hy — hyy) = (15kg/s)[(3411.4 — 144.78) kI /kg] = 48,999 kW
Thus,

_ Waa + 0, _ (19971 + 0) kW
€ = = 0.408 or 40.8%
O. 48,999 kW

7
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(c) Neglecting any kinetic and potential energy changes, an energy balance
on the process heater yields

Ein = Eout
mghy + mshs = Qp,out + nizh,
or
Qp,out = nighy + mshs — nizhy
where
my = (0.1)(15kg/s) = 1.5 kg/s
ms = (0.7)(15 kg/s) = 10.5 kg/s
my =y + ms = 1.5 + 10.5 = 12 kg/s
Thus

Opou = (1.5kg/s)(3411.4KkI/kg) + (105 kg/s)(2739.3 kI /kg)
— (12 kg/s)(640.09 kJ/kg)
= 26.2 MW



