-

View metadata, citation and similar papers at core.ac.uk brought to you byf: CORE

provided by Aston Publications Explorer

Cost effective greenhouse gasreductionsin the stedl
industry from an Organic Rankine Cycle

Conor Walsh, Patricia Thornley

Tyndall Centre for Climate Change Research
The University of Manchester

Sackville Street

Manchester

M13 9PL

UK

conor.walsh@manchester.ac.uk

Large quantities of low grade heat (LGH) are geteeravithin many process industries,
and the recovery of LGH is a potentially significameans of improving process
efficiency, but it is often difficult to find an @popriate internal heat load. One
alternative is to use appropriate technologiesotovert the low grade heat to electricity
for use on site. This paper describes the envirotmhand techno-economic evaluation
of a case study examining the potential applicatiban Organic Rankine Cycle (ORC)
to generate electricity from LGH from the stacks afcoke oven used in steel
production. 21 MW of LGH was available for recoveay the plant and resource
accounting and lifecycle analysis methods were tisexvaluate the environmental and
economic benefits of the operation of an ORC. Téwllts showed that between 1 and
3% of the CQ emitted directly through the production of cokeulb be offset by
installation of an ORC, with lifecycle environmehtanpacts of coke production
reduced by less than 1%, although this was sufficte offset over 10,000 t GO
annually. However, the amount of electricity gexted was sufficient to replace all
currently imported electricity and economic anadysidicated a relatively attractive
discounted payback period of between 3 and 6 yesrggesting this may be a
commercially viable option, which could presentetatively cost effective method of
achieving greenhouse gas savings in the proceastimnes.

1. Introduction

The production of coke is an integral componenthaf steel manufacturing process.
Annual cast steel capacity in the UK is estimatedZza93 Mt (McKenna and Norman,
2010). Coke is perhaps the most important reduagent in hot metal production and is
used in blast furnaces to remove oxygen eitherréatly through the formation of
carbon dioxide (C¢g) or directly based on its carbon content. The veppof low grade
heat (LGH) has been identified as a potential me&mscreasing the energy efficiency
of process industries (Kapil et al., 2010). The wmsity of Newcastle (2010) has
identified several streams, both liquid and gasedusn the steel industry that are
sources of LGH. Within the coke production facility question, the underfiring flue
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gas stream was selected as the most feasible stoedn@at recovery. This is due to the
consistent operation of the coke oven (most colenswperate continuously), the high
thermal quality compared to other sources of LGHveB as the reduced potential for
process disruption. The gas stream has a temperat@21 °C with a flow rate of 66
kg/s. This was estimated to yield 21 MW of recobéeaenergy (University of
Newcastle, 2010).

2. The operation of an Organic Rankine Cycle (ORC)

The Rankine cycle is a thermodynamic cycle whichveots heat into work. It is likely
that approximately 80% of the electricity generaggabally is a result of the Rankine
cycle. Within a Rankine cycle heat is supplied maély to a closed loop, which usually
uses water as the working fluid. Figure 1 below destrates a simplified Rankine
cycle. The Rankine systems include these four stébs water is pumped to an
evaporator in a heat exchanger where heat is gaesf to the working fluid at a
constant pressure (2) thermal energy is used tpoeste water into steam, (3) the
movement of the vaporised working liquid througte texpander produces work
generating electricity while reducing the temperatand pressure of the vapour stream,
(4) the expanded vapour steam enters the (air tervemoled) condenser at constant
temperature whereby the remaining thermal energghénsteam is discharged to the
environment or a suitable recovery system. The mtatn re-enters the pump to be re-
pressurised. A Rankine cycle which employs watex a®rking fluid is not economical
if recovering heat below 370°C. For that reasoranig chemicals or refrigerants are
often substituted for water within a Rankine cyctsulting in what has been termed the
Organic Rankine Cycle (ORC). This allows the recgvef heat from streams that
would normally be rejected as being of low thermablity. The choice of working
fluid will depend on a number of operational partene assuch as thermodynamic
performance, stability, flammability etc... ( Hung a&t, 2007).

2.1 Estimation of ORC efficiency

The Aspen Hysys® simulation program was used byGetre for Process Integration
(CPI) at the University of Manchester to estimdte het efficiency of an ORC system
used to recover heat from an equivalent waste ratrém this analysis, it was assumed
that Benzene was the working fluid (Kapil, 2010)heT estimates of the energy
consumed (and generated) within the ORC are predeéntTable 1 below.

Table 1: Energy analysis of ORC measured in kJ/h. (Kapil, 2010).

Energy Energy Energy
generated b consumed supplied to Energy released
Turbine by Pump  Boiler in Condenser
1,990,000 4,789 17,990,00C 15,990,000

Based on this information, the efficiency of the ©Ras calculated at 11%. This was
estimated by subtracting the energy consumed bytingp from the energy generated



by the turbine and dividing by the energy suppliedhe boiler. When applied to the
recoverable energy estimate of 21 MW results irekeetricity generation estimate of
2.31 MW. The carbon savings due to the offsettihgxdernal electricity are estimated
based on the emission factor for electricity congtiom in 2010 (AEA, 2010), taken as
0.54 kg CQ/kwWh. The operational schedule was assumed to betaimzed for 8,580

h/y (assuming 98% availability). This results in @amnual carbon saving of 10,702 t

CO..
3. Methodology

3.1 Impact of an ORC on carbon intensity of coke production
McKenna and Norman (2010) estimate the energy reduio produce a tonne of

metallurgical coke. It is estimated that 1 tonnecoke requires 2.95 GJ to produce it
and that 2% of the energy demand is satisfied bygtetity, 5% is satisfied by steam
and 93% by a gaseous source. This latter may inchadural gas, blast furnace gas or
coke oven gas (COG) released during the procesl. ishe calculation of the direct
emissions associated with the production of coke based on Equation 4.2 published
in Volume 3 of IPCC (2006) and shown below. Theatun used in the calculation is
shown below.

CO, /tcoke=((U/ ) Cooat *+ > (Quasty ~ EFiasty) ~LCooke) 44112 (1)

Y refers to the coke yield (t coke/t coal). C refém the carbon (C) content of coal and
coke (% w/w).Qgas refers to the quantity of gasused in coke production arftFy.s
refers to the emission factor for each specificiga</Mj). The value 0f44/12 is used
to convert Carbon into COAt the steelworks under review, the underfirireg gised in
the production of coke was a mixture of blast femgas and COG. The high C content
of blast furnace gas results in a high emissiotofa¢ciowever this represents only one
potential gaseous fuel mix. Similarly, it could Begued that as the emissions due to
coal are not strictly associated with providing rgiye for the coking process
(representing feedstock as opposed to fuel) theuldhbe excluded from an analysis of
energy recovery. The effect of adopting a differemtission calculation method on the
carbon reduction potential of the ORC is shown abl€ 2.

3.2 Techno-economic evaluation

The installation of an ORC system is a significantestment requiring not just the
purchasing of equipment but will entail consideeabtditional costs. In order to place
the carbon savings in context, the economic benefibffsetting electricity purchasing
was evaluated. The Department of Energy and ClilBange estimate that extra large
manufacturing industries paid on average 5.078é&xper kWh in 2009. The Climate
Change Levy (CCL) for electricity was also estindatt 0.47 p/kwh (DECC, 2010).
Based on costing data taken from taken from Schestal. (2009), Tchanche (2010),
and Vescovo (2009), the investment and operatioost of a suitable ORC system was
estimated to be 2,023 €/kWe. Based on this, themesent value (NPV) and discounted
payback period (DPP) was also calculated using fi@mua, taken from Tchanche et al.
(2010).
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Whereby n is the time period (year), the net cash flow for year n,,@& the initial
investment, k the discount interest rate, assumdxt5% and N is the number of years
of the investment’s lifetime or until the invesebks even.

3.3 Lifecycle Analysis (L CA)
In order to examine the lifecycle implications afsialling an ORC system, process

specific information was incorporated into modubtenerated by the LCA software
Simapro™. The coal and energy (both electricity gad) requirements were included
in the analysis. It was assumed that the cokindwaa transported from the Australian
port of Newcastle by ship and subsequently by Ezéfault emission profiles for coke

production were augmented with more recent val&sA( 2009, USEPA, 2008) and
with emission stream data for GOCH,;, and CO(Newcastle University, 2010). The
environmental impact of the production of materiaithin an ORC system was also
included in the module. This was based on the ea@hanger area requirement
(estimated by the Aspen module). Material composéi information for a suitable

turbine and generator system provided was by Sisr(\iebster, 2010).

4. Results

4.1 Carbon savings
The normal operations of the plant under reviewduseth blast furnace gas and COG

as fuel. Based on the carbon intensity of eledyritiwas estimated that the integration
of an ORC would reduce the carbon intensity of gataduction by 1.39 %. The impact
of different fuels, and exclusion of coal on carlsawings is shows in Table 2 below.

Table 2: Impact of different calculations on ORC emission savings potential.

Calculation choices % reduction to C@emissions
50% Blast Furnace gas/COG 1.39
Coal and Natural gas 2.09
50% Blast Furnace gas/COG, no ¢ 2.66
Natural gas only 7.42
Electricity only 127

As can be seen from Table 2, the introduction ofC&C results in marginal carbon
savings. However the results are more positive vdoenpared against natural gas fuel.
Specifically an ORC will provide a surplus eledtsicsupply by generating more
electricity than is consumed by the coke plant.

4.2 Economic benefits of ORC installation
Based on offsetting of purchased electricity it Wdosuggest the proposed project would

break even in between 3 and 6 years, dependingeoelé¢ments of the calculation. It is



reasonable that 5 years represents an upper ométrf acceptable DPP but a period of 3
years would probably be necessary to ensure ineggtm

Table 3: DPP and NPV for ORC investment based on CCL and Tax.

Calculation Cap Ex Cap Ex +25% Cap Ex -25%
DPP (yrNPV (£)DPP (yrNPV (E)DPP (yrNPV (£)

CCL, no Vat 4,16 726,85¢ 5.34 538,93¢ 3.03 873,752
No CCL,noVat 4.59 323,55¢ 591 66,120 3.34 543,436
CCL, 17.5% Vat 3.53 489,83¢ 452 480,941 2.59 448,748
No CCL, 17.5% Ve 3.84 159,51¢ 4.85 150,62t 2.81 195,069

4.3 Lifecycleanalysis

The results of each activity within the lifecycleamke production are provided in Table
4 below. The different impact categories are noised| weighted and expressed in
units of millipoint (mPts). Each “point” representise environmental impact of an

average European during a single year.

Table 4: Lifecycle Analysis results for coke production, including ORC recovery.

Process/Activity mPts/kg Coke
Hard coal coke at Plant 67.90
Coke production plant 1.11

Hard coal Mix 104.00
UK Grid Electricity 0.50
Water and Chemical Input: 0.01

Blast furnace gas 1.40

Ocean and Rail Freight 29.61
Total (no recovery) 205

ORC components 0.004
Recovered electricity -0.64
Total (with recovery) 204

As can be seen from Table 10 above, the lifecyulgact of the ORC is minimal. The
impact of coal production represents the singlegdar contributor to the overall
weighted impact. An ORC system will have no capatdtaffect the impacts associated
with the production of coal. By comparison, the aopof UK generated electricity used
within the coking process is relatively insignifita However the results do reinforce
that the avoided impacts due to the recovery ofdgoade heat exceed the impacts of the
electricity consumed by the coking ovens themselves

5. Discussion and conclusions

The economic and environmental analyses provideadide appraisals of the impact of
the ORC to recover LGH from flue gas emitted durauke production. The process



under review is a carbon intensive process, pdatiijuwhen blast furnace gas is used.
Therefore the emission savings associated withratégg generation from an ORC wiill
be small when compared against the carbon emissgstciated with coke production.
This is apparent when an LCA is undertaken. Themate for the inclusion of the ORC
is its unobtrusive interaction with the process.h@ viewed in isolation the annual
saving of 11,000 t C&¥emains a significant carbon offset.) However thisans that an
ORC will not displace the need for coal or gasard@ess of whether (such as in the
case of carbon intensive blast furnace gas) itugpked by the steel manufacturing
process itself. Despite this, the potential savidge to on-site electricity generation
suggest a DPP of less than 4 years. This is retiarthe difference between electricity
selling and purchase prices. If the site operatemevio sell the electricity it would likely
be at less than the current price, meaning thentevevould potentially be much lower
than the cost savings incurred by offsetting theclpase of electricity from an external
supplier.
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