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ARTICLE INFO ABSTRACT

Efficient utilization of a large quantity of coke-oven gas (COG) to produce methanol and further olefins is an
important technical path toward coal-to-chemicals. The current COG-to-olefins process (CGTO) suffers from
inefficient utilization of hydrogen resource in the COG, limited olefins productivity, lower energy efficiency, and
ultimately uncompetitive in product cost. Its major technical issues are the insufficient carbon supply and energy
intensification. This study provided a novel technical path toward olefins production fueled by syngas from
efficient coupling of COG reforming with pulverized coke chemical looping combustion (PCcic). The CO,
generated by the PC¢; ¢ was used as carbon source to effectively adjust hydrogen-to-carbon ratio of syngas to 2.0,
ideally adapting to methanol production first and further olefins. The coupling and integration in material
streams and energy utilization were considered in the new process. Modelling and integration results supported
the competitiveness of this novel process, revealing that its hydrogen efficiency and exergy efficiency can be
increased to 43% and 60%, comparing to only 29% and 52% in the CGTO. The olefins capacity was also in-
creased from 0.6 Mt/y in the CGTO to 0.9 Mt/y by an additional consumption of economic pulverized coke
0.43 Mt/y. Although total capital investment of the new process was 21% higher than the CGTO, the unit capital
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investment and product cost were 19% and 6% lower because of its larger olefins capacity.

1. Introduction

Coke is a major raw material for metallurgy industries via coal
carbonization processes in coking plants, in which a by-product coke-
oven gas (COG) is generated. It is a hydrogen-methane-enriched fuel
gas, containing H, in 58-60 vol% and CH, in 23-27 vol%. The other
constitutes include CO (5-8 vol%), CO, (less than 3 vol%), and small
quantities of other hydrocarbons and air pollutants [1,2]. The COG
production had reached as high as 2.0 x 10'' m® only in 2015 in China
[3]. However, most of the COG is currently burnt, leading to a con-
siderable waste of energy and resource, and relevant environmental
problems. Considering the valuable hydrogen resource, the im-
plementation of highly efficient and clean utilization of the COG can
play a pivotal role in reducing dependency on oil and natural gas.

The alternation of the direct heat and power utilization of the COG
is its derived high-value chemicals. Among major coal-derived chemical
production lines, COG-to-olefins (CGTO) is feasible and promising with
significant increment of product value. The present feedstock of
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methanol production in China is coal-63.7%, natural gas-23.0%, and
COG-11.3% [4]. The methanol-to-olefins has been industrialized,
therefore the COG-derived olefins production can also be industrialized
similarly. The CGTO can contribute to the self-sufficiency of olefins and
reduce dependency on oil and coal. This is especially beneficial for
China. However, the current CGTO is far more effective in terms of
hydrogen resource utilization and energy efficiency, leading to an un-
competitive in its economics.

Regarding the utilization efficiency of hydrogen resources in the
COG, the ideal molar ratio of (H, — CO,)/(CO + CO,) (defined as the R
value) in syngas for methanol and olefins synthesis is about 2. In con-
trast, the conventional steam reforming of the COG suffers from a
higher R value of about 4-5, and alternatively a lower R value less than
2 through the CO, dry reforming. The currently applied partial oxida-
tion of the COG toward syngas with the R value of about 3. The partial
oxidation approach still faces the demand for the readjustment of the R
value, generally in an inefficient measure via the hydrogen oxidation of
the COG. This approach also inevitably requires a higher power-

Received 23 June 2017; Received in revised form 10 September 2017; Accepted 18 September 2017

0196-8904/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
http://dx.doi.org/10.1016/j.enconman.2017.09.053
http://dx.doi.org/10.1016/j.enconman.2017.09.053
mailto:yan.cao@wku.edu
http://dx.doi.org/10.1016/j.enconman.2017.09.053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2017.09.053&domain=pdf

D. Xiang et al. Energy Conversion and Management 152 (2017) 239-249
Nomenclature Notations in formulation
Abbreviations @ hydrogen utilization
n exergy efficiency
C carbon 6 domestic-made factor
R molar ratio of (H, — CO5)/(CO + CO,) Cac administrative cost
S steam Cp depreciation cost
oC oxygen carrier Cpsc distribution and selling cost
EI equipment investment CGET gross-earnings tax
PC pulverized coke Coem operating & maintenance cost
ASU air separation unit Cproc plant overhead cost
COG coke-oven gas Cr raw material cost
FCI fixed capital investment Cy utilities cost
MSU methanol synthesis unit EI} reference equipment investment of unit j
TPC total product cost Ex out outlet exergy
AGRU  acid gas removal unit Exin inlet exergy
CGTO coke-oven gas-to-olefins Exch chemical exergy
CLCU chemical looping combustion unit Eyph physical exergy
DSRU dry-steam reforming unit RF; ratio factor of component i
MPOU  methane partial oxidation unit S; practical scale of unit j
MTOU  methanol-to-olefins unit Sy reference scale of unit j
CGTOCR COG-to-olefins with CO, recycle sf scale factor
PCcc-CGTO PC CLC-assisted COG-to-olefins

consumed air separation process. Overall, the efficient and cost-effec-
tive utilization of valuable hydrogen in the COG for high-value che-
mical production will be a crucial technical challenge in the current
coal coking industry. In terms of the material balance, the simple
carbon input in syngas seems a proper approach to adjust its R value in
the COG-to-syngas process, and thus the consequent optimizations of
the involved energy efficiency would be essential for technical feasi-
bility, cost reduction, and minimization of environmental stress.
There are a few conceptive designs of co-feeding of coal and COG to
realize the carbon input for the adjustment of the R value of syngas. Lin
et al. [5] proposed the adjustment of the R value via reforming of coal
gasified gas with rich-CH,4 separated from the COG for methanol pro-
duction, achieving fuel saving and CO, reduction by about 5% and
70%. Hao et al. [6] further proposed a polygeneration system of me-
thanol and dimethyl ether production, in which coal gasified gas is
reformed with the COG in an oxygen-permeable membrane reactor. The
purposes of these researches are to improve coal utilization efficiency
and reduce CO, emissions of coal based chemicals production pro-
cesses. On the other hand, Bermudez et al. [7] proposed a CO, dry
reforming process of the COG for methanol production. Yi et al. [2]
proposed the CO,-recycled dry reforming of the COG in the methanol
production, achieving energy conservation by 5-10% and CO, reduc-
tion by 70%. However, the costly pure CO, supply separated from tail
gas will inevitably result in a significant energy penalty. Fortunately,

chemical looping combustion (CLC) can provide the pure CO,, ex-
cluding costly separation of oxygen in air or CO, in flue gas [8,9]. CLC
uses solid oxygen carrier (OC), rather than oxygen in air, to oxidize
fuels in a fuel reactor (FR), and solid OC later is oxidized by air in
another air reactor (AR) by means of recirculation of OC between the
FR and AR [10,11]. The gases from the fuel reactor are primarily CO,
and H,0, in which the H,O can be easily separated by condensation and
thus a high concentrated CO, can be achieved [12]. There are addi-
tional benefits of the CLC, such as non-flammable combustion toward
the eliminated NOx emissions and efficient control of other air pollu-
tants based on decreased gas production.

Among current and emerging technologies for CO, capture, CLC is a
particularly highly-efficient approach [13]. Up to date, CLC has been
demonstrated with natural gas, syngas, liquid fuels, and even solid fuels
such as biomass and coal [14]. The initial researches were focused on
gas fueled CLC, followed by solid fuels in recent years, especially for
coal since it plays an important role in power generation as well as
being major source of greenhouse emissions. Tests with a bench-scale
reactor of the coal-fuel CLC have shown 90-95% coal char conversion
and > 99% volatile conversion [9,15]. Several conceptive designs re-
garding coal-fueled CLC (anthracite) for power consumption were
conducted [16,17], achieving more than 10% of the net electricity ef-
ficiency benefit and as low as 96 kg/MWh of CO, emissions. The che-
mical looping uncoupling has been specially developed for efficient
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