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In technical respect, co-generation is well studied technology but it is sometimes
not used in an optimum way in practice. Factors affecting operating economics of
this technology in practice are very similar to other industrial technologies al-
though the degree of their influence may vary. When co-generation is concerned,
the decisive importance lies on the parity between prices of electricity and driving
fuel and reliability of concurrent utilization of generated heat and power. Inthispa-
per, arealistic case of real industrial co-generation plant operationsisanalyzed in
detailsand it is pointed out to the necessity of optimizing operationsof theplant asa
whole.
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Introduction

Although numerous papers have dealt with co-generation technologies, there are not
many devoted to their practical applications. This paper analyzes in detail operations of a gas
turbine which isan integral part of gypsum boards drying technology. However, the manner of
using gasturbine in the drying process s rather different and may vary from 100% up to 0% of
itsutilization. This possibility, aswell as the distinctive impact of frequently changing prices of
energy carrierson the operating economics of the plant requires optimization of the plant’ soper-
ating regime.

All advantages and disadvantages of co-generation technologies are elaborated in de-
tailsin [1-9] and without any doubts, it can be said that due to their higher energy efficiency
these technologies definitely have future [10-13]. However, it is obvious that co-generation
givestwo “products’ whose relevanceis mutually dependent. This dependence requires special
analysisin practice since demand of heat and power may vary considerably [14, 15].

Parallel with the development of co-generation technologies, it was necessary to de-
velop accompanying regul ations. The essence of regulationsiscontainedin[6, 16]. Sincethere-
lation between the price of electricity and driving fuel hasadecisiveimpact on the economics of
co-generation in practice, al the countries have created mechani sms achieving stimulating con-
ditions to employ co-generation technol ogies irrespective of the parity price.
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Facts on analyzed co-generation plant

This real life example refers to the factory for the production of gypsum boards
(35,664,000 m? per year). The factory employs around 200 workers and it operates 7488 hours
per year. The overall annual expenses of the company for energy are 2.45 million USS.

The detailed energy audit (DEA) itself will not be discussed here; however, some of
the datawill be used for analyzing one of recognized energy conservation opportunities. Thisis
the case of adrying kiln which is used for drying gypsum boards. Thisisthe largest single en-
ergy cost center (ECC) inthefactory. Specifically, the DEA defined the system’ sboundariesfor
several ECC which have been separately analyzed and which have been submitted to surveying
and controlling of energy performances.

Figure 1 presents gas consumption (without consumption for running the gas turbine)
and overall consumption of electrical energy depending on the monthly production in the fac-
tory. Thegasturbineisanintegral part of thedrying kiln and it isused for improving energy effi-
ciency of the drying process. Namely, the drying kilnisdriven by natural gas(NG). Thisnatural
gasis partly used for driving the turbine and partly for the production of heat energy directly.
Exhaust gases from the turbine are directly mixed with gasses from independent combustion
chambers. Gases prepared in thisway are introduced into the drying kiln. The maximum turbine
output power at the generator terminal is 7,000 kW, (—40 °C ambient temperature, see level).
However, ever since the factory commenced with work, the gas turbine has been operating with
considerably lower power than possible under given circumstances. Normal operating proce-
dure of this co-generation plant has been to cover factory electrical energy consumption with
about 90-95%.

Let usnow go back tothefig. 1.
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Figure 1. Natural gas and electrical energy consumption vs.  completely taken over from the lo-
production cal electric grid and the process in
thedryingkilniscarried out undis-
turbed with the utilization of two existing combustion chambers. Thisand some other facts have
definitely indicated the need to optimize operating procedure with an aim to reduce electricity
costs and perform detailed check of the current manner of utilization of the co-generation plant,
aswell to examinepossihilitiesand financia conditionsfor permanent and extensive production
of electricity for the local distribution company. During the DEA and related to this ECC, the
above stated has been the primary plan and thisiswhat this paper is concerned with.
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12 months operation data

Here are some basic data related to the analyzed ECC.

— Total factory energy cost per year (TEC): 2,445,738 US$/a
— Number of operating hours (NOH): 7,448 h/a
— Analyzing period: April 1-March 31 next year
— Total 12 months electricity consumption (EC): 12,292,700 kwWh/a
(Generated by co-generation plant (ECC): 10,378,700 kWh/a
(Purchased fromlocal grid (ECG): 1,914,000 kWh/a
(Purchased fromlocal grid during shut-down of gas
turbine) 949,520 kWh/a
— Average purchased electricity cost: 0.0825 US$/kWh
— Average unit price of electricity produced by
co-generation plant (only cost of NG is calcul ated) 0.0781 US$/kWh
— Average price of electricity paid by local electricity
authority to the company 0.0363 USH/kWh
— Tota annual NG consumption (NGC): 161,114,988 kWh/a
— Annual NG consumption for co-generation only (NGCG): 57,080,000 kWh/a
— Average unit NG cost (NGP): 0.0142 US$/kWh
— Annual average ambient temperature (T,): 30°C

Kiln description

The simplified scheme of the drying kiln is presented in fig. 2. Only energy aspects of
drying processwill be analyzed. There aretwo consumers of NG: (1) gasturbineand (2) two ad-
ditional combustion chambers for hot gas generation and direct supplying of the kiln. The
proper temperatures of drying fluids are controlled by mixing the flue gases from the turbine ex-
haust, flue gases from combustion chambers and fresh air.

In the scheme, the circles designate measuring points which have been used for mea-
suring parameters of the whole plant within DEA. The mgjority of these measuring points have
also been used in the regular monitoring and control of the process. M easurements have been
mostly executed with the existing (built in) measuring equipment.

The main designed data for the relevant gas turbine are;

Power
(ISO: 15 °C, sealevel, noinlet or exhaust |osses;
relative humidity 60%; NCV = 31.5 to 43.3 MJnm?) 5,200 kW,

— Fud rate 17,200 kW
— Exhaust flow 78,800 kg/h
— Temperature (turbine inlet) 1,010 °C

— Temperature (turbine outlet) 485°C

— Electrical efficiency 30.2%

— Compressor discharge pressure 10.8 barg

— Heat-to-power ratio (exhaust temperature 156.3 °C) 1.45
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Figure 2. Drying kiln and waste heat recovery unit (cir cles denote measuring points, measurements are
givenin tab. 1)

Figure 3 shows the dependence between output power at generator terminal and ex-
haust temperature and fuel flow rate of natural gas for the average annual ambient temperature

of 30 °C. Thisdiagram and other technical data of the given turbine have been used for further
calculations.
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Figure 3. Output power and exhaust temperature vs. fuel flow rate
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Objectives of analysis

Preliminary analysis of gathered information, processed data referring to the whole
factory (overal production, specific consumptions, etc.) and preliminary data for the defined
ECC —drying kiln have enabled identifying objectives and the development of a working plan
within the DEA.

Therelation between the cost of electricity and gasisasmuch as5.81 (0.0825/0.0142).
Such arelation has existed for several previousyears. Thisis extremely favorable for the maxi-
mum production of electrical energy. However, in negotiations with the local electricity distri-
bution company (EDC), avery low price for buying up produced electrical energy has been of-
fered. This price has been only 0.0363 US$/kWh. However, an advantage concernsthe fact that
the delivery of excesselectrical energy tothelocal grid has not been conditioned by delivery pe-
riods (peak on, partial peak or peak off). The medium price which the factory pays to the local
EDC wasin the analyzed period equal to 0.0825 US$/kWh (this unit priceis cal culated accord-
ing to monthly invoices and consumed active energy). Also, the price of produced electrical en-
ergy in the co-generation plant is calculated and amounted to 0.0781 US$/kWh (the calculation
is performed only on the basis of gas consumed for its production). The review of daily and
monthly log sheets of the plant’s operations enabled conclusion that the average power of the
turbineis chiefly around 1,500 kW.

Asshown in fig. 3, the existing turbine can achieve a much higher power at working
temperature of intake air of around 30 °C.

The above mentioned facts have induced usto propose to the factory’ s management to
give up previous operation procedure of meeting only own consumption needs and to take up an
operation procedure which implies maximum production of electrical energy and sale of surplus
electricity to thelocal EDC. Considering the consumption of the heat energy in the drying kiln,
there have been no doubts that all available waste heat from the turbine will be absorbed in it.

The inspection of fans, exhaust gases ducts, dumpers and controlling equipment has
indicated that such a change of the operation procedure can be implemented without any need
for modifications.

We will deal now with measurement results and technical estimations which have
been used to assess expected effects of the suggested energy conservation measure.

Measurement, technical calculation, and analysis

Results of measurement are presented in tab. 1. Some measured values have been re-
calculated in previously used units. On the basis of measured values, it is possible to calculate
the degree of the turbine' s efficiency. It is equal to 26.0% (2112/8118). The turbine’s exhaust
gasses temperature was 348.3 °C during measurements. By comparing other measured values
with those established for the technological procedure for making of gypsum boards, we have
concluded that they are all within allowed ranges.

The co-generation plant worked within all analyzed period (except during annual main-
tenance period of the gasturbinein December (it lasted 21 days or NOHg, = 504 hours). Average
annual generating power (P,) for gasturbine operating hoursNOH; = 7,448 -504 = 6,994 his.

E
P, =——2— =1495kW 1
= NOH * 1)

GT
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Average consumption of natural gas for the generation of average electrical power of
1,495 kW isequal to 8.22 x (7,448 —504) = 57,080 MWh. Power of natural gasfor gas turbine
only (Pyg,cogen = 8-22 MW) is determined from fig. 3 for average electrical power.

Table 1. Measurementsreport: Product dimensions: 9 mm SC x 1200 mm;
Line speed: 71 m/min.; October 14t

Point Description Name Unit Result
Temperature °C 327
MO | Ambient
Relative humidity % 57.9
M1 | Turbine supply tokiln Temperature °C 348.3
M2 Turbine supply to wet zone burner Pressure mwC -0.82
Temperature °C 177.1
M3 | Wet zone - returned gas
Pressure mwC 0.02
Temperature °C 121.5
M4 | Air extraction
Dumper position % 59.1
Temperature °C 95.4
M5 | Dry zone—waste gas Pressure mwcC 0.05
Dumper position % 39.8
M6 Wet zone Temperature °C 237.3
M7 | Dry zone Temperature °C 147.8
M8 | Product —inlet Moisture % 40.82
M9 | Product — outlet Moisture % 13.04
M10 | NG consumption NG power MW 8.12
M11 | Electricity production Energy kWh 2112
M12 | Turbine supply to dry zone combustion Dumper position % 96
M13 | Combustion chamber supply to dry zone | Dumper position % 0
M14 | Turbine supply to wet zone combustion Dumper position % 100
M15 | Combustion chamber supply to wet zone | Dumper position % 54.3
Temperature °C 103
M16 | Kiln exhaust fan Dumper position % 475
Flow rate m¥h 56,520
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Temperature °C -
M17 | Emergency exhaust Dumper position % 0
Flow rate mh 0
Temperature °C 87
M18 | Auxiliary exhaust fan Dumper position % -
Flow rate m%h 33,840
Temperature °C 155
M19 | Wet exhaust fan Dumper position % 34.6
Flow rate m%h 43,920
M20 | Equalizer back Dumper position % 100

Useful heat power, which is used in the kiln, at average output temperature of gases
fromthekiln of 117 °C, is equal to:

Qeogen = My Cpeg (Teg — Ty ) = 4376 ks (or kW) 2)

Average output gasestemperature from the turbineis 325 °C for average annual power
of theturbine of 1,495 kW (fig. 3). Exhaust gases massflow rateis 72,000 kg/h and ispractically
constant for all operational loads.

Useful heat energy of the turbine’s exhaust gassesis as follows:

Qcogen =30386,944 kWh (30,387 MWh) ©)

The overall efficiency of the co-generation plant can be found as follows:

= 2o Qeoen 100 _ 71494 @)
PNG.Cogen
For driving the co-generation plant during the analyzed period of twelve months, the
following NG energy was used:

ENGgogen = 57,079,680 kWh (57,080 MWh) (5)

This, at pricesvalid at that time, was worth 810,531 US$.

During that period, 10,378 MWh of electrical energy was produced, aswell as 30,387
MWh of useful heat energy.

Theturbine’ swaste energy was used together with hot gases made by two combustion
chambers (seefig. 2). Total average annual NG power of both turbine and combustion chambers
was 14.7 MW. Thisvalueis calcul ated as mean monthly consumption which is measured regu-
larly. Total annual NG consumption for drying kiln was as follows:

2NGy;,, = 102,076,300 kWh (102,077 MWh) (6)
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Thiswas worth 1,449,491 US$.
Itisnow possibleto calculate the quantity of consumed gasonly for combustion cham-
bers. It isequal to:

ENGcc = ENGy y — ZNGiogen = 44,997,120 KWh (44,997 MWh) (7
The average power of combustion chambers burnersis:
NG = NG _ 6 480 kwi ®

GT

If the efficiency of combustion in chambersis equal to 1c = 0.90, then the useful
heat introduced into the kiln, but only from combustion chambers, equals 0.9 x 44,997,120 =
=40,497,408 kWh. It isnow possibleto estimate totally delivered heat energy into the drying
kiln. It equals Qpy = 40,497,408 + 30,386,944 = 70,884,352 kWh (70,884 MWh). The partic-
ipation of heat from the co-generation plant is 42.3 %.

During the turbine’ s overhaul , the production process does not stop, however the con-
sumption of gasin combustion chambersisincreased. The power of natural gas during this pe-
riod can be estimated on the basis of the totally required heat energy, which has just been
calculated. Thus: 0 1
NGee op = —2K = —11342kW 9)

NOHgr 1ec

The increased consumption of gas for driving the kiln during the overhaul of the tur-
bine equalsto:

SNGcc.op = (NGee.gp — NGoo)NOHg, = 2,441,376 kWh (10)

Thisincrease can easily be noticed in fig. 1 in the month of December when overhaul-
ing was usually performed. However, it should be pointed out that the turbine’s overhaul is a
very complex operation and it cannot be performed during the factory’ s short shut-downs.

The energy performance improvements

The suggested measure implies the following:

(a) the drive of the co-generation plant with maximum capacity (with consegquential increase of
the NG consumption),

(b) complete supply of the factory with electrical energy, and

(c) the sale of surplus electrical energy to local EDC at previously contracted price without
preconditions regarding time and quantity of deliveries.

This measure does not require additional investmentsasit has already been mentioned
above because the existing control system enablestransfer to the new operation procedure with-
out any limitations.

Theturbine’ soperational parametersat the maximum load can beread fromfig. 3. The
flow of theturbine’ sexhaust gases practically does not change with varied |oads. The new oper-
ational parameters of the turbine at the full load are as follows:

Generated output power: P = 4,485 kW

NG consumption; pe’new :’15_2 MW

Exhaust gas temperature: TNG’neW: 493 °C
,new

Exhaust gas flow rate: Meg new = 72,000 kg/h
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Availablewaste heat energy from the co-generation plant for thekiln (for average tem-
perature of the exhaust gasses from the kiln is as follows (this is the value that has been mea-
sured and confirmed by reviewing daily log sheets):

Qcogen, new = Meg Cpeg (Teg — Thiin ) = 7:911kIs (KW) (12)

Asopposed to the previous case, the output gases temperature from the turbine is now
493 °C.

Annual useful heat of the co-generation plant is:
QCogm new = 95,498,504 kWh (55,499 MWh) (12)

The power of the natural gasrequired for producing 5,485 kW of electrical power and
useful heat power of 7,911 kW isequal to 15.22 MW (fig. 3).
The efficiency of this co-generation processis:

Moew = Fe new + Qoogen rew 100 = 814% (13)
IDNG, new

It can be noticed that the efficiency of the co-generation plant has been significantly
improved. It used to be 71.4% and now expectations can be as much as 81.4%.

Theload duration curvesfor current and proposed operating procedure of this co-gen-
eration plant are presented infig. 4. It has already been pointed out and can easily be noticed that
the plant operated under significantly lower load than theload which is possible under given cir-
cumstance. This caused the overal efficiency to be 10% lower than the optimum one.
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Figure 4. Load duration curve

The gas consumption for driving the turbine in the new regime is as follows:
ENGcogennew = 105,548,800 kWh (105,549 MWh) 14
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Therequired heat energy for driving the drying kiln from combustion chambers can be
determined as we know totally required heat energy for running the process and heat energy re-
leased under the turbine' s full load. In this manner, it is obtained that additional heat energy is
required, which is equal to:

Qcc rew =15,394560 KWh (15,395 MWh) (15)

and gas consumption for driving combustion chambersis:

EINGec pew = Qecnew =17105,067 kWh (17,105 MWh) (16)
Tlcc
Now, itispossibleto estimate overall consumption of NG under the full load of thegas
turbine which produced surplus electrical energy. Thus:

SNGyn new = 122,653,867 kWh (122,654 MWh) (17)

This quantity of gasisworth 1,741,685 US$ (for current regimeit is 1,449,491 US$).
Theincreased expense for purchasing gasis 292,194 US$. However, the produced el ectrical en-
ergy isequal to:

EGogen, new = 31,143,840 kWh (31,144 MWh) (18)

The overall consumption of electrical energy inthe wholefactory is 12,292,700 kWh.
Energy purchased from the local grid during the shut-down of the gas turbine is 949,520 kWh.
Thismeansthat itispossibleto deliver 31,143,840 — (12,292,700 — 949,520) = 19,800,660 kWh
(19,801 MWh). At the price of 0.0363 US$/kWh theworth of electrical energy is 718,764 USS.

Finally, it is possibleto calculate ultimate benefit achieved by introducing this simple
and no cost energy conservation measure. The following is obtained:

Expected benefit = 718,764 — 292,194 = 426,570 US$ (0.43 million US$) (29)

This saving amountsto as much as 17.4% of the overall expensefor energy existent at
that time.

Environmental impact

Asit has aready been mentioned, it isvery difficult to estimate the environmental im-
pact of any energy conservation measure as precise standards do not exist. One of the most seri-
ousissuesinvolvesthelack of reliable data concerning emissions of large plantsfor the produc-
tion of electrical energy which are usually parts of national energy systems.

In this given case the consumption of the NG has been increased from the current
102,076,800 kWh to 122,653,867 kWh (20.2%), but the production of electrical energy in the
same plant has been increased for almost 200% (from 10,378,700 to 31,143,840 kWh), and the
production of heat energy has been increased for 82.6% (from 30,386,944 to 55,498,504 kWh).
At the same time, the consumption of NG in combustion chambers has been reduced for 62.0%
(from 44,997,120 to 15,394,560 kWh).

By using data concerning emissions of certain plants[17], it ispossibleto establish the
balance of CO, emissions for observed plants (tab. 2). We have not performed estimates of real
emissions of certain exhaust gases as this requires proper chemical composition of fuels (NG)
and measured data of exhaust gases. We have used estimates given in the above mentioned ta-
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bles. Theincreased production of electrical energy in the new operation procedure has been ex-
pressed by the production of electrical energy in central power plantsfired by coal, heavy fuel
oil (HFO) and NG. Itisobviousthat results are different in these three cases. However, itisevi-
dent that there is a significantly reduced emission of CO, in the case of the suggested solution.
Vauation of this positive effect varies in different countries, but it is possible to say that pres-
ently generally accepted valuation of this effect does not exist. The same iswith the emission of
other gases and particles.

Genera conclusion is that by applying this measure, it is possible to achieve signifi-
cant reduction of harmful emissions.

Table 2. CO, balance

Current New
Co-generationplant | 10,378,700 x 808.16 = 8,388 t/a 31,143,840 x 808.16 = 25,169 t/a
Combustion chamber 44,997,120 x 252.55 = 11,364 t/a 15,394,560 x 252.55 = 3,888 t/a
_ 31,143,840 — 10,378,700 = 20,765,140

E'eflcetrgf:'d ey | Coal: 20,765,140 x 1134.20 = 23,552 ta
. HFO: 20,765,140 x 887.06 = 18,420 t/a

NG: 20,765,140 x 594.24 = 12,335 t/a

Coal: 43,303 t/a
Total HFO: 38,172 t/a 29,057 t/a

NG: 32,087 t/a

Conclusions

Itisquiterarethat inreal conditionsaplant or afacility operates under design parame-
ters. In the project design stage, operating conditions which are at that time known are adopted,
aswell aslegal regulations and economic parameters (energy prices, interest rates, etc.). Even at
the very moment when the plant is put into operations, these conditions can be substantially dif-
ferent. For that reason, it is necessary to perform constant audits of operation procedure and
carry out permanent optimization of the plant’s operations in line with previoudy established
criteria. Itistypical for co-generation plantsthat they are very sensitiveto changesof theserele-
vant parameters and the need for thistype of optimization iseven more pronounced. The reason
for that isthe existence of two mutually “ dependent” outputs (electricity and heat) and relatively
high investment in relation to classical plantsfor the production of electricity and heat. Namely,
electricity is bought from the public grid and heat is generated in relatively cheap boilers.

This paper analyzes real life example of the gas turbine operation in the drying kiln.
The gasturbine isnot a necessary part of the drying process but with its construction the drying
kiln was given an opportunity to increase energy efficiency of the whole process. Since thedry-
ing process in the gypsum factory represents the single largest energy consumption, optimiza-
tion of the drying kiln operations certainly affectsthe factory’ s economics. Although this paper
shows one case which does not refer to optimal, it provides a solution for changing the process
management procedure which may lead to considerable energy, environmental and financial
effects.
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From practical experience, we can say that many plantswhich have been adjusted once

do not undergo any checksrelevant to applied operational procedureirrespective of thefact that
there has been a disruption in relevant parameters. All this is the task of energy management
which must continually optimize all energy flows. Further investigations should primarily cover
the assessment of potentials of such ameasureinincreasing energy efficiency on plant, regiona
and national levels. In technical sense, these measures are very simple and cheap and require
good knowledge of the process which operational procedure has to be managed.
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