I11-1

ENERGY CONSERVATION IN COAL CONVERSION

Energy Conservation Potential in Heat Recovery Techniques

A Case Study

J. D..Stas

Carnegie-Mellon University
Pittsburgh, PA 15213

June, 1978

Prepared for

THE U.S. DEPARTMENT OF ENERGY
Pittsburgh Energy Technology: Center
UNDER CONTRACT NO. EY77502479%



I11-2

ABSTRACT

In this study, we looked at reptacing certain heat exchangers
with Organic Rankine Cycles. In each case, we determined the cost of
generating power and then from this tabulation of capital investment
for power generation, feasibility of replacement on a unit-by-unit
basis was determined. |

The results show that 18 heat exchangers reject sufficient
heat to warrant ORC.usage, with potential electric generation of 36 MW
or a 17% increase of the inpiant power generation of 210 MY.

Cost estimates indicate the capital investment required to
be approximately $1000/KW with a potential reduction of $300/¥W for
mass produced units.

Based on the results of this analysis it is recommended that
ORC manufacturers be engaged to further engineer and incorporate Organic

Rankine Cycles into the 011/Gas design.
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1. Introduction

In our initial energy study, we developed a number of methods
by which energy can be conserved in inefficient coal conversion plants.m
Currently, our sbjective 1s to apply the procedures we have Tearned to
more near term, efficient and highly engineered plants. The commercial
concept 011/Gas Complex designad by Ralph M. Parsons Company has been
selected as the next candidate to be avaluated. This design has a high
thermal efficiency of 77%,1!

The purpose of this particular study 1s to investigate the
feasibility of replacing certain heat exchangers with an organic rankine
cycle. For each case, the cost of generating electric power is o be
determined and then from this tabutlation of capital investment for
power generation, the feasibility of repiacement on a unit-by-unit basis

will be determined,

2. Hx Suitability for ORC

Every heat exchanger in the 011/Gas Complex has been evaluated
for its suitability of being replaced by an organic rankine cycle to
produce shaft work. As shown in Figure 1, the ORC can perform essentially
the same function as a heat exchanger but the exit temperature of the
second stream cannot be the same, (T4 #'Tal) since work 1s extracted.

In evaluating heat exchangers, there are tfiree reasons why a
heat exchanger may be rejected as a potential candidate: (1) the
exchanger's operation is important to the downstream process and there-
fore a temperature change in any stream cannot be afforded or (2) the

incoming temperature of the process stream is too Tow to warrant ORC usage or

7T6<

(3) the unit is too small.
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COMPARISON OF ORC AND H,

3. Oroanic Rankine Cycle

In many areas in the 0i1/Gas complex, air coolers and water L~
coolers are used to cool process streams. In some cases the coolers are
used independently and in others they are ysed in series as shown in
Figure 2A. Normally, the air cooler cools the stream to 120°F, then
the water cooler cools the stream to 100°F. The inlet temperature of
the air coslers vary throughout the plant from 550°F-200°F. It is these
schemes which are proposed for replacement by the Rankine Cycle design
in Figure 2B, in this report.

The Rankine Cycle design in Figure 28 utilizes an arganic
working fluid to produce shaft power through a re¢iprocating or turbine
type expander. The air cooler and/ar water cooler is replaced by the
boiler of Figure 28 keeping inlet and axit states of the procass stream
constant. Therefore, the waste heat which was previously lost to the
atmosphere is used as a heat source for the Rankine Cycle in which
some of this heat is converted to mechanical energy in the expander

while the remaining is rejected in the condenser to the cooling tower.

<
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To date. only AFI1 Energy Systems is in a position fo market
Organic Rankine Cycles as low Tevel waste heat recovery systems in the
200-400°F temperature range_]7 AFI Energy Svstems is a joint venture of:
Ailied Chemical, Foster Wheeler and Ishikawajima Hauma (IHI) of Japan.

A demonstration 500 KW Organic Rankine Cycle system shown in
Figure 3 is being constructed at the Allied Chemical facility at
Claymont, Detaware and will be operating in early 19?8.8 This olant
incorporates & turbine and associated technology which has been
commercially applied in Japan since 1968 in a 3800 KW Organic Rankine
Cycle. This system shown in Figure 4 has provided over 70,000 hours
of continuous operation with no major problems.18

The AFI systems are being offered for sale on a turnkey,
fixed price basis in four nominal sizes: 500 KW, 1000 KW, 2000 KW, and
4000 KW. Delivered costs ave approximately $1000/Kw.1?

AEI's current market thrust is toward retrofitting the ORC
to waste heat sources in existing plants. These systems ytijize ligquids
or condensable vapors as a heating source. AFI feels economics are not
yet justified for installation of an ORC when using gas as a heating
spurce because of a much larger heat transfer area required in the
boiler. A three-year AFI study indicated that there is a huge patential
application in the following areas: chemical plants, refineries, chemical
processes, and areas where there is excess Process steam.1?

Figures 5 and 6. furnished by AFI, have been used to estimate

the ORC power output potential of heat axchangers with a Tiquid or

condensable vapor as a heat source. Samples are shown in the figures.

7I<
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Table I shows the results of the power estimates. As can be seen in
the tahle, this analysis indicates that 6 My of power can be generated
using AFI's hardware.

Our analysis of all heat exchangers in the 0i1/Gas Compiex
shows that most of the rejected waste heat is removed from gas streams.
Currently AFI does not market systems which can use this heat source,
but this fs because their market thrust is toward retrofitting in
existing installations rather than application at the design stage of
2 new plant. When looking at the economics of the ORC in a new design,
credit must be taken for the heat exchanger which would have otherwise
been needed to remove the heat. This credit wii] make the ORC utilizing
a4 gas heat source economically attractive.

Barber-Nichols Engineering Company (Refs. g and 7) has
constructed a generalized cuyrve showing the evaluation of Rankine Cycle
efficiency with maximum cycle temperature for various working fluids
as shown in Figure 7. It is on this curve that output power has been
made for the ORC system utilizing a gas as a heat source. Sample
calculations are given in Appendix A. A1l results are shown in Table II.
The results of Table [1 show that by incorporating an ORC in every

potential gas stream over 30 megawatts of power can be generated.

4. Cost Analysis

Only a rough figure of $1000/K4 for the ORC systems has been

obtained through persanal conversations with a representative of Allied

‘{.17

Chemica Installation costs haye been kewt at a minimum because of a

modular installation approach and is estimated to be 20% of the capital

84
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investment.17 The installed cost is therefaore anproximately $1200/KW

for systems utilizing a liquid or condensable vapor heat source. The
capital investment required, shoﬁn in Table I, is 7.5 million dollars.
The total replacement heat exchanger cost was found to be 1.8 million
doilars. Taking the heat exchanger costs as a savings the net investment
is 5.7 million dollars or $910/KW. It is assumed that the same cost

will be realized with ORC's utilizing gas as a heat s0urce when credit

i5 taken for the replacement heat exchangers.

Figure 8 presents cost curves which were extrapolated from
cost curves given in Reference 6. These curves forecast the instalied
costs of Rankine Cycles for production units. The costs for the Rankine
system include ail the components necessary to produce shaft power and,
in addition, the generator and associated controls to result in electrical
power generation. The additicnal Cost to the cooling tower because of
larger cooling requirements are not given in this figure,

These curves assume a 100% installation cost and a 62
escalating rate from 1976. From this figure, the installed cost of
replacement Rankine Cycles was estimated based on the cycle output
and maximum cycle temperature. The cost estimates are given in Table II1.
Sample calculations are given in Appendix B of the report,

Table ITI is a summary of the results of the ORC feasibiTity
analysis for all heat exchangers in the 0i1/Gas Design. This table
gives the feasibility of replacement in column one and the type of feasible
exchangers in column two. Column three gives the estimated power output
of each replacement cycle. The estimated installed costs are given in

columns foyr and five, column 4 is AFI's estimated costs and column & is

88<
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the estimated costs from Reference 7. The last column gives reasons
for rejection of heat exchanger replacement.

The tota] results shown in page 27 of the table indicates
that 36 megawatts of power can be generated. The cOsts for the ORC
is estimated to be around $1200/KW using AFI's data and $560/KW using
the data from Reference 7. When credit 1s taken for the replaced heat
exchangers and an adjustment made for the increased cooling tower costs
the AF] astimate drops to $985/KiW and $300/KW for Reference 7 costs.

Although the AFI estimates indicate the current costs of ORC
for waste heat utilization, the costs from Reference 7 indicate the
notential costs of the ORC given the appropriate demand. Given this
range it is therefore necessary to perform a return on investment
sensitivity analysis to demonstrate the potential ROI for various

investment costs and selling prices.

4.1 DCF Sensitivity Analysis

A discounted cash flow analysis has been performed on varying
sizes of ORC for different investment costs and electricity exporting rates
and the results are shown in Figures 9 and 10. Figure 9 assumes a $.025/KW-hr
exporting rate escalating 8% per year for 10 years. Figure 10 assumes
a &01/KW-hr exporting rate escalating 6% per year for 10 years. Assumpticns
used for the basis of this analysis are in accordance with the Gas Cost
Guidelines used in the 0i1/Gas Complex and are shown in Appendix 5.11
The cost curves of Figure 8 were used as a basis for this
analysis. The capital investment was taken directly from Figure 8 for o
curve B in Figure 9 (B and C), the most optimistic curve. The capital

investment for the pessimistic outlook, curves {A and D) was assumed to be a 100%

b3 J$ I
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increase in the curve of Figure 7. This analysis does take credit
for replacement heat exchangers,

The expected ROI for two ORC manufacturers is a]so given
in the figure. One is AFI at $985/kW and the other is Sundstrand
Corporation, a 600 KW waste heat recovery ORC utilizing heat source
temperatures above 550°F, The Sundstrand systems installed cost is

$800/KW, with a mass production projection of $400/KW.

5. Discussion of ORC

The results and conclusions presented here concerning Organic
Rankine Cycles are not necessarily (restricted) to coal conversion
plants but can be expanded to any inudstry in which low level heat is
being wasted.

By replacing air coolers and water coolers with Organic
Rankine Cycles, waste heat can be utilized to produce useful electrical
or shaft power. A1l ORC presented in this report are within the realm
of technological deve]opmeht of Rankine Cycles. In addition to AFI
Energy Systems and Sundstrand's experience, many other U.S. firms have
applied considerable effort to the development of Organic Rankine Cycles
for various applications. Table IV, not intended to be an all inclusive
1ist, gives a summary of some of the companies working on ORC,

Most applications of the Organic Rankine Cycle are of a proto-
type nature at the present time and therefore costs are substantially
higher than the estimates presented here. In some cases the costs are
as high as $2000/KW-$3000/KW, but all manufacturers forecast price

declines given the appropriate demand. AFI's and Sundstrand's cycles

1G0<
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are currently being sold at reasonable costs with satisfactory rates
of return given today's electricity costs.

These efforts and the efforts of numerous other companies
indicate the cost estimates presented here are certainly within the

time frame necessary for use in coal conversion plants.

6. Conclusions

Based on estimates and results presented in this report,

the following conclusions are drawn:

1. The Organic Rankine Cycle is an energy affective
to air and water cooled systems operating at
temperatures above 200°F, In the 0f1/Gas
bmpiex 36 megawatts of electricity can be
produced in an energy effective manner through
recovery of the waste heat of air and water
coolers.

2. Incorporating Organic Rankine Cycles into coal
gasification designs will generate damand to
tower production costs and, therefore, enable
the ORC to become cost effective in a variety of
other industries where waste heat is available.
On a national level the energy savings potential

is incredible.

162~
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.-~"'*~>\h\
7. Recommendations

This report is a preliminary analysis which pinpoints 18
neat exchangers throughout the 011/Gas Compiex, in which the rejected
heat is sufficient to generate over 36 MW of power yia Organic Rankine
Cycies. It is therefore recommended that current manufacturers be
contacted and steps taken to further engineer and incorporate Organic
Rankine Cycles into the 0i1/Gas design.

R
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Appendix A

Sample Calculations

Rankine Cycle Power Qutput

The High pressure Separator vapor air condenser (12-1305) is used
as an example in these calculations to illustrate the method used in

determining possible power output of the ORC.

Data
Heat Source Temp: 300°F
Heat Transfer: 123.3 X 10 BTU/Hr.
Mass Flow: 605,700  Lbm/Hr.

Assumptions

1. Boiler, regeneration and condenser have an effectiveness
of 80%.

Sample Calculations

The heat transfer in the boiler is 123.3 X 100 BTU/Hr.
QB = 123.3 X 108 BTU/Hr.
Assuming boiler effectiveness of 80% the maximum cycle temperature
is about 270°F.
Tmax = 270°F.
Using the generalized curve of Figure #7, the Rankine cycle
efficiency is 15%.
y = 15%

Muitiplying the heat source from the boiler with the cycle efficiency

106<
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gives the power output of the cycle.
¥ = .15 X 123.3 X 108
18.5 x 10% BTU/Hr.

P

5,420 KW

7,275 Hp

107 <



I11-.37

Appendix B

1. Cost Analysis

The replacement rankine cycle for the air cooled system (12-1308)
is used as an example for the cost analysis presented in this paper.

The installed cost of replacement rankine systems is estimated
from the curves of Figure 8 uysing the estimated power output and cyvcle

temperature calculated in Appendix A.

-
[

= 5,400 KW

—
1]

270°F.
From Figure 8 the installed cost is found to be $500/KW
IC = $500/KW
Since the total output possible is 5,400 KW the total installed

cost is easily found.

(IC)T $500/KW X 5400

il

$2,700,000
Additional cost resulting from enlarging cooling tower capacity
is estimated from data given in Reference 10.
Cooling Tower Costs = $76.400
Heat exchanger costs were cbtained from Reference 13,
Hx Costs = $540,350
The net cost is found by adding the ORC installed cost plus the

cooling tower costs minus the heat exchanger costs.

Net Cost = $2,700,000 + 76,400 - 540,350
= $2,236,050
or $415/XW

108<
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2. DCF - Sensitivity Analysis

A discounted cash flow analysis was performed fof various
capital investments and rates of electricity. The following is the
assumptions used in constructing the curves of Figures g and 10.

A1l Curves

1. 20 year project life
Double-Dectining Balance Depreciation
48% federal income tax

$.003/%W-hr operation and maintenance costs

n &= W™

8400 Hrs/year operating

Curve A -~ Pessimistic outiook

1. Capital Cost based on 100% increase of Fig. 8 with
credit taken for replacement Heat Exchanger

2. Exporting rate for electric power is §.01/KW-hr escalating
at a rate of 6% per year for 10 years

Curve B - Optimistic Outlook

1. Capital Cost based on Fig. 8 with credit taken for
replacement Heat Exchanger

2. Exporting rate for electric power is $.025/Kd-hr escalating
at a rate of 8%/year for 10 years

Curve C

1. Capital Costs based on Fig, 8 with credit taken for
replacement exchanger

2. Exporting rate of $.01/KW-hr escalating at a rate of 6%/year

for 10 years

1063<
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Curve D
1. Capital Costs based on 100% increase of Fig. 8 with credit
taken for replacement exchanger
2. Exporting rate of 3.025/KW-hr escalating at a rate of 8%/year

for 10 years.

110<
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