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1. Background

1.1. China’s Oil Industry

In the haf-century since the establishment of the People’ s Republic, China has kecome
thefifth largest oil producer in the world. The discovery of numerouslarge ail fiddsin
succession during the 1960s and 1970s gave rise to expectations in China that reserves,
and output, might one day riva those of the Middle Eagt. Asaresult, oil quickly became
apreferred and inexpensive baoiler fud for industry, supplementing or replacing cod in
areas where locd coal resources were lacking. By 1980, Chinadirectly burned five out of
every 10 bards of ail produced.

Contrary to earlier expectations of continued rgpid growth in production, in the early
1980s Chind s ail output pesked and declined for a period while the industry reconsoli-
dated and adopted new production plans consstent with the economic reform program
begun in 1979. Asthe economy began to grow rgpidly in the 1980s, the dowdown in all
production growth led to increasing calls to reassess of the use of Chind s ail resources.
Until 1986, the government hed limited domestic supply of ail products in favor of crude
oil exports, earning as aresult substantia foreign exchange income during a period of
high prices following the 1979 Iranian Revolution. The collapse of il pricesin 1986, the
year dter China briefly held thetitle of largest oil exporter in Asa, acceerated this reas-
sessment. With growing new demand for trangport fues and petrochemica feedstocks it
was fdlt that the export of this resource at low post-1986 prices could no longer be s.s-
tained. At the same time, the widespread direct burning of both crude and fud oil was
viewed as wadeful compared to the higher vaue-added gpplications in trangport and pet-
rochemicas.

This shift in development strategy had a direct and mgor impact on the refining sector.
For years largdy oriented to production of heavy fud oail, O-degree pour-point diesd and
low octane gasaline, refineries now had to respond both to higher demand and to demand
for new types and qudities of products. A new jet fleet required high-qudity jet kero-
sene; new automobiles reguired higher-octane gasoline; expanded ethylene production
required larger volumes of ngditha, while environmenta concerns argued for the phase-
out of lead in gasoline and reductions in sulfur content.

Growth in demand, however, was not metched by growth in domestic crude oil produc-
tion. China began limited crude ail importsin 1988, favoring low-sulfur heavy waxy cru-
des from Indonesia and e sewhere smilar to its domestic grades that were suited to
Chind s exidting refinery configuration. As demand continued to grow, Chinaiitsdf be-
came anet oil importer in 1993 and anet crude oil inporter in 1996. This dramatic shift
in externd dependency presented Chinawith yet another challenge: asimport demand
continued to soar, and the import bill for low-sulfur crudes mounted, China needed to de-
veop domestic capacity to process the chegper higher-sulfur crudes of greater interne:
tiond availability. Acknowledging that its domedtic oil industry is no longer capeble of

s f-sufficiency, China has moved to modernize its refineries, expand domestic produc-



tionof ail products, increase qudity, and integrate its oil sector more extensvely with the
internationd indudtry.

1.1.1. Refinery Capacity and Production
At aout 270 million tonnes of cgpadity, China s refining sysem is now the world sthird
largest after the United States and Russia Developed initidly in the late 1950s with S>-
viet assgance, it evolved largdy on indigenous efforts after the Sno-Soviet split and
China s subsequent sdf-imposad isolation. The technicd foundation of the industry was
adapted to handle the qudity of Chinese crude, mogt of which is heavy, low-sulfur and
waxy, and to the need to provide subgtantia quantities of fud ail to industry. At thetime,
higher-vaue products, such as gasoline, diesd, and jet kerosene, were secondary inthe
output date, and little upgrading was available to increase production of these fudls.
Moreover, the qudity of the trangport fuels was low: the specification for gasoline octane
was 66 (MON [Motor Octane Number]), and the cetane of diesd 35. In comparison, most
internationa gasolines have MON ratings in the 80s, and most automotive diesds have
cetane numbers in the 40s or above.

With the initiation of economic reform after 1979, China undertook widespread reform in
the ail industry, consolidating crude il production under the China Nationd Petroleum
Corporation (CNPC), refining under the China Nationd Petrochemica Corporation
(Sinopec), and offshore exploration and production under the China Nationd Offshore
Oil Corporation (CNOOC). Production & oil fields was rationdized and some fidds
closed; in 1981, crude ail production fel for the firgt time since the disruptions of the
Culturd Revolutionin 1967. A nationd output quotaof 100 million tonnes (2 million
barrels/day) was established and multiple-tiered pricing implemented. At the sametime,
the government consolidated the growing refining sector, which heretofore had been ad-
ministered by numerous government minigtries basad upon the ultimate use of the ol
products; in addition to the Minigtry of Petroleum, the Minidtry of Textiles, Minidry of
Agriculture, and Minigtry of Chemicd Indudtries, among others, dl operated refineries
geared to their own sectors. The establishment of the China Petrochemical Corporation in
1982 consolidated the mgority of Chind s mgor refining assets into one company, which
henceforth would be respongible for optimizing production plans and supplying both oil
products and oil-based petrochemicas to the entire economy. The government placed
higher vdue a its ail resources, and invested heavily into a program of subgtituting cod
for ail inindudtrid uses. Sinopec invested in technologies—primarily fluid catalytic
cracking—to support the upgrading of a greater percertage of the crude input to transport
fuds Between 1980 and 1990, the volume of refinery processing went up by 43%,
whereas production of gasoline increased nearly 100%, while fud oil output remained
flat. Diesd fud production rose 38% over this period, hampered by the rgpid increasein
demand for feedstocks for petrochemica production. In China, ethylene crackers were
traditiondlly designed to run gasoil, and output of such feedstocks rose 170% between
1980 and 1990. Ethyleneis the essentid “building blodk”  for many basic petrochemicals.

Chind sail indugtry entered anew erain the 1990s as accd erating domestic demand for
oil eroded the exportable surpluses of the 1980s. By 1993, China had become anet ol
importer. The refining cgpacity shortages of the 1980s, however, disappeared, as a sus-



tained building program of the late 1980s and early 1990s raised capacity by over 50%
and added a subgtantid volume of secondary upgrading capacity. By 1999, totd nomind
distillation capacity” had reached 276 million tonnes (Table 1). The refining system had
aso become fairly sophigticated in terms of the variety and volume of eguipment—such
as caaytic cracking, hydrocracking, and coking—for use in upgrading heavier ail frac-
tions to more vauable lighter fractions. Seen from asmpleratio of tota cracking cgpac-
ity to didtillation cgpacity, Chinain 1999 ranked second only to the US in terms of refin-
ery sophigtication, and it greatly outpaced Jgpan. The cracking-to-didtillation ratio for
Chinain 1999 reached 49% compared to 55% in the US, and only 21% in Japan. This
ratio, however, does not address the issue of product qudity; in both the US and Japan,
where product quality pecifications are drict, hydrotresting and hydrofining capacity—
usad to reduce impurities such as sulfur and improve product qudity—greetly exceeds
that in China. In 1999, theratio of hydrotreating and hydrofining capacity to digtilation
in the US was 65%, 86% in Jepan, but just 12% in China®

Table 1. Refining Capacity in China, 1999

Capecity
(million tonnes)

Atmaospheric/Vacuum Didillation 276.0
Cracking Units

Huid Cadytic Cracking (including resd, deep) 92.6

Hydrocracking 129

Coking 20.6

Thermal /Vidoresker 8.7
Tota Cracking Capacity 134.9

Source: Sinopec

Duing the 1990s, China experienced a sgnificant improvement in yield petterns, with
the production of light products such as gasoline, kerosene, diesdl, and petrochemica
feedstocks rigng significantly as a proportion of the totd. In 1990, the output of these
four products totaled 54% of throughput in thet year; by 1999, the yidd of these products
rose to 68%. The most dramétic increase over this period has been in the yield of diesdl
fud, which rose from 24% of throughput in 1990 to 34% in 1999. The expangon of cata
lytic cracking in particular (including residud cataytic cracking and deep cataytic crack-
ing) dlowed an increasing proportion of heavy feedstocks to be upgraded to lighter frac-
tions. Given the more rgpid growth in diesd demand compared to gasoline, refiners Sg-
nificantly expanded the pool of diesd blendstock materids by favoring operating modes
of cataytic crackers maximizing diesd blendstock production.

The dedlinein fud oil output mirrored the increases in production of light products. In
1990, fud ail production (incduding refinery use) totded 32.2 million tonnes, a30% yidd

! Traditionally, atmospheric distillation capacity and vacuum distillation capacity figures are not separated
in Chinese statistics as is the norm internationally.

2 China statistics from Sinopec; international statistics from theOil & GasJournal, “ Worldwide Refinery
Capacities’, December 1999.



on throughput. By 1999, production has dropped to 19.6 million tonnes, or 11% of totd
throughput. While fud oil output dropped on average by 5.5% a year over thisperiod,
diesd production rose by 10.6% and gasoline by 6.5%. Kerasene output jumped as well,
but more dramatic was the shift in compostion and use. Lamp kerosene, which ac-
counted for about 75% of kerasene production in the 1980s, fell to only 25% as produc-
tion of jet kerosene rose to match the rgpid expansion of Chind's domestic and interne:
tiond ar routes (Table 2).

Table 2. Output and Yidds of Petroleum Productsin China
(million tonnes)

1990 1995 1996 1997 1998 1999
Throughput 107,235 135,011 142318 153727 152,392 183566
Gaxline 21,161 28408 30532 32548 31977 37413
Kerosene 3848 5,280 5126 5548 5,750 7,195
Diesd 25,374 36,343 41,087 45940 45445 63,027
Fud Ol 32173 27,202 23,107 20,795 18333 1954
Petrochemica 7847 11,854 13333 14,995 16558 16,463
Feedstock
Yidds
Gaxline 2% 21% 21% 21% 21% 20%
Kerosene L% 2% 4% D% 2% 4%
Died 2% 2% 2% <0 30% 34%
Fud Ol <07 20% 16% 14% 12% 11%
Petrochemica ™0 % % 10% 11% %
Feedstock
Yidd of Light 5% 61% 63% 64% 65% 68%
Products;

Source: Sinopec Annual, 1994, 2000

1.1.2. Pricing

For much of modern Chind s history, the government has directly controlled the price of
crude oil and petroleum products. Until price reforms proceeded in earnest in the early
1990s, ail prices were generdly below internationd pricesin order to restrain input costs
to industry, which consumed the mgority of oil products. Severe financid losses at
CNPC in the late 1980s and early 1990s and a growing volume of imported il led the
government to reform the pricing mechanism in 1994, subgtantiadly boogting crude and
product prices. This reform returned CNPC to profitability, but in order to maintain prof-
itebility a Sinopec in the face of higher crude input prices, the margin between retal and
refinery gate prices was narrowed to alow higher ex-refinery prices without passing the
full increase on to consumers.

The price reform of 1994, however, maintained fixed prices—albeit highe—under gov-
ernment control, depriving producers and refiners of price signas from the market. One



consequence of the digortion was amassve risein “unofficid imports’, particularly of
diesd fud, during 1997 and 1998 when internationd prices fdl subgtantidly below Chi-
nese domestic prices. In response, the government enacted further reform, for the first
time tying domestic crude oil and product pricesto international markets. Under this
scheme, domestic product prices were adjusted retroectively according to the average
FOB price in Singapore the previous month. Additionaly, Sinopec and CNPC (later Pet-
roChing) were given authority to adjust the retail price within a 10% band in their mar-
keting areas. In August 2001, the link between domestic product prices and Singgpore
FOB prices was extended, but the adjustment band was abolished. Sinopec, however,
concerned about the impact of volatile Singgpore FOB prices on the Chinese market, sub-
sequently investigated an dternative mechanisms referencing prices in other world mar-
kets such as New Y ork and Rotterdam. This reform of the pricing mechanism for pra-
ucts was introduced in late 2001. Crude prices, however, now are fredy set by the mar-
ket, and for the mogt part are internationdly priced. Asshownin Fgure 1, the prices of
al energy products have risen congiderably since 1994 and currently are at internationd
levelsor above.

Figure 1. Price Indices of Energy Productsin China, 1980-1999
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1.1.3. Trade
In the 17 years since 1985, when China became ASd slargest oil exporter, surpassng
Indonesia, it has since become Asid's second largest ail importer. Oil import policy has
shifted dramatically over the years, and promises to see subgtantid further liberdization
when agreed WTO reforms are enacted over the next three to five years. The entire pe-



riod, however, has been characterized by the maintenance of state control over the va-
ume and type of ol imports. State contral isimplemented through quotaand licensing
arrangements issued by the State Development Plaming Commission and carried out for
the mogt part by China s nationd ail trading firms, Unipec, China Oil, and Snochem.

Table 3 indicates the trends of Chinese ail exports and imports Snce 1990. In 1990,
Chinaremained amgor exporter, with total oil exports nearly five times higher then totd
imports. In 2000, the Stuation had reversed nearly completely, with imports over four
times higher than total exports.

Table 3. China Oil Trade

(thousand tonnes)

Product Exports by Product

Other Total Total
LPG Mogas Naphtha Kerosene Diesel Fud Oil Prods* Products Crude Oil
1990 1,789.1 5494 438.1 16014 576.5 4552  5,409.7 23986 29,395.9
1991 21123 387.8 3205 1,209.7 4754 4993  5,005.0 22598 27,603.4
1992 2,697.6 3256 179.6 1,479.3 6311 6536  5966.8 21,507 27,474.0
1993 1,8455 68.8 747 1,2894 3235 M57 45476 19435 23,982.1
1994 138 21009 431 106.9 1,215.8 155.2 9742  4,609.9 18491 23,100.8
1995 729 18553 124 3744 1,306.3 2779 12382 51374 18844 23,981.7
1996 3403 13140 45 659.2 1,567.6 2790 11591 53237 20329 25,653.0
1997 3990 17824 49.8 7230 2321.3 3843 14637 7,1235 19829 26,952.4
1998 5085 11,8200 0.0 891.9 985.2 4099 19815 6,597.0 15601 22,197.7
1999 759 41383 984 1,249.6 604.7 2095 19054  8,281.8 7,167 15,448.4
2000 2290 45510 687.4 17722 554.8 3085 21611 12,3252 10438 22,762.9
90-00
AAl % n/a 10% 2% 15% -10% -6% 17% % -8% -3%
Product Importsby Product
Other Total Total
LPG Mogas Naphtha Kerosene Diesel Fud Oil Prods* Products Crude Qil
1990 1505 1547 142 0.5 2,250.8 636.9 1428  3,3504 2923 6,273.1
1991 269.0 108.0 0.0 26.2 3,196.3 1,1636 834 48515 5972 10,823.9
1992 3308 3309 136 156.3 5012.2 2,020.7 2589 8,1234 11,360 19,483.4
1993 6475 21846 2709 536.7 9,401.0 4,564.0 5349 18,139.6 15640 33,779.6
1994 14077 11,0532 426.8 2758 6,238.7 4,624.7 3341 14,361.0 12346 26,707.0
1995 23581 158.7 416.6 761.3 6,122.6 6,591.4 5728 16,9815 17,090 34,0714
1996 3,6920 79.1 521.6 743.6 4,625.0 8,540.1 7233 18,9247 22617 41,541.6
1997 3,586.8 84.3 810.6 1,380.7 74295 126718 9617 26,9254 35470 62,395.4
1998 47847 149 7386 1,261.6 3,032.9 153048 11817 26,319.2 26802 53,120.9
1999 5542.6 0.0 3723 21119 310.6 140623 16918 24,0915 36613 60,704.5
2000 48175 0.3 1225 22548 2504 142277 15927 23,2750 70134 93,409.3
90-00
AAIl % 11% -46% 24% >53% -19% 36% 21% 21% 3% 31%

*includes lubes, paraffin, asphalt, petroleum coke, liquid paraffin
Source: Sinopec, citing China Customs Statistics

The nature of Chind s ail trade has shifted over the lagt decade. In the early 1990s, China
continued to maximize export earnings through the export of crude oil and products, par-
ticularly gasoline and diesdl. As demand continued to rise and domestic refinery capacity



expanded, increasing amounts of crude oil were shifted from the export market to donmes-
tic usein Chind s own refineries. Smilarly, exports of gasoline and diesd began a
downward trend. At the same time, however, exports of “other” products, particularly
paraffin, liquid paraffin, and petroleum coke expanded, offsetting some of the revenue
decline from lower crude, gasoline, and diesd exports.

In the late 1990s, however, as refinery runs grew and the supply of petroleum products
increased, China once again was able to increase the export of products, while crude il
exports continued to decline sharply. Currently, China s output of gasoline exceeds do-
mestic consumption by nearly 5 million tonnes, and even exports of ngphtha have re-
bounded from the zero leve prompted by shortfdlsin the product in 1998. Overdl, ex-
ports of products grew during the 1990s, but total oil exports declined as cut-backsin
crude exports more than offset the increase in product exports.

There occurred an important shift in the nature of crude oil imports during the 1990s. As
Chind s refineries were designed and built to process China s domedtic low-sulfur waxy
crude, early crude imports were of crude types that were smilar in sulfur content and
quality to those avalable domegticaly. Theimport of higher-sulfur crudes were quite
limited, as few refineries had the appropriate equipment needed to process higher-sulfur
grades. As seen in Table 4, of the 15.7 million tonnes of crude imported in 1993, only 2%
fdl into a higher-sulfur category. The primary suppliers were Indonesia, producer of a
low-sulfur waxy crude amilar to Daging, and Oman, producer of alow-sulfur light grade
inthe Middle Ead.

Table 4. Crude Imports by Source, 1993, 1999

(tonnes)

1993 1999 1993 share 1999 share
North Sea 188,618 4,205,958 1% 11%
North Africa 708,352 535479 5% 1%
West Africa 1,421.43C 6347476 % )
Middle East 6,598,696 16,903,865 4% 46%

Middle East

Higher Sulfur 282,654 7,750,857 2% 21%
SE/Audrdasa 6,511,115 6,821,213 4% 19%
N/S AmericalOthers 220,071 736,613 1% 20
Former Soviet Union 13923 1,063,084 0% M
Totd 15,671,205 36,613,688 100%¢ 10026

Source: China Customs Statistics Yearbook, 1994 and 2000

Through a program of revamping and expangon of existing refineries, particularly the
coadd refineries of Maoming, Guangzhou, Fujian, Zhenhal, Gaogiao and Qilu, Ching, by
1999, had dgnificantly expanded cgpacity to process and treat higher sulfur crudeail. In
that year, 21% of the import date was higher-sulfur crudes such as Saudi and Iranian
Light, Iragi, and Kuwaiti crudes. Nonetheless, this represented just 4% of total crude runs
in that year.



1.1.4. Consumption

In the 1990s, ail consumption in China nearly doubled, rigng from 109 million tonnesin
1990 to 203 million tonnesin 1999 (Table5). The average 7.1%-per-year average growth
over this period masks substantid differences in the demand trends for various products.
Highest among these was L PG, which recorded an average 19% per year growth in the
1990s as it became afavored fud in urban households to replace cod used for cooking
and heating water. As the heavy nature of Chinese crude resultsin only low refinery
yieds of LPG (around 2%), expangion of the use of this fud required subgtantia imports.
By 1999, 46% of China s LPG consumption came from import sources, the highest ex-
ternd dependency for any ail product.

Table 5. Total Oil Consumption

(million tonnes)

1990 1991 1992 1993 194 1995 1996 1997 1998 1999 AAI
LPG 253 301 3.57 5.00 5.70 749 9.30 1010 11.86 12.07  190%
Gasoline 19.00 2210 25.10 28.78 26.97 29.10 31.82 3312 33.29 3381 66%
Kerosene 351 385 4.18 4.26 452 512 5.56 6.82 6.71 824 | 100%
Diesel 26.92 275 33.73 3948 38.03 43.21 46.91 5291 52.83 6232 98%
Fuel Oil 33.68 35.09 34.22 38.03 35.95 36.H4 35.64 36.72 37.93 39.02 16%
Crude Gil* 548 461 4.27 4.89 505 3.76 571 572 6.18 611 12%
Other Prods** 1825 1996 20.74 20.87 26.52 29.25 35.09 42.52 43.97 41.30 | 9%
Tota Oil 10935 11836 | 12580 14131 14274 | 15487 17003 | 18790 19276 20287 | 7.1%

*excluding refining throughput
**includes lubes, asphalt, petroleum coke, and petrochemical feedstocks (naphtha and gasoil)
Note: Total Oil figures exclude losses.

Recording the second highest growth rate was kerosene, a 10% per year over the last
decade. Even thishigh rate of growth subsumed two widely varying developments: the
relative decline of lamp kerasene consumption and the explosive growth of jet fue car
sumption. In 1990, about 21% of kerosene consumption was jet fud; by 1999, 61% was
jet fue—a 20% per year rate of increase. In contrast, lamp kerosene consumption re-
mained fairly sable, growing a only 2.4% per year between 1990 and 1999 as aresult of
increased indudtrid use, while resdentid use continued its decline and further displace-
ment by other fuels.

Thethird fastest growing product was diesd, averaging nearly 10% a year growth during
the 1990s. Diesdl has four key gpplicationsin Chinaas an indudtrid fud, for trangport, in
agriculture, and for power generation. Although shortcomingsin China’ s energy datisti-
ca system do prevent an accurate breskdown of diesd use by sector (see “Transport Fu-
els’ below for additiond discussion), even officid datigtics show that “transport” use of
diesdl has expanded at over 13% ayear during the decade, compared to just 4% per year
growth in agricultural use. Consumption for industrid use has remained strong as well, a
9% per year in the 1990s, and use in power plants has steadily grown & over 6% ayear.



Much of the diesd used for power generation isin samdl farly inefficient units, but they
play an important role in maintaining steedy power supply in some aress.

Another fagt growing product in the 1990s was “other products’, or the aggregate volume
of lubes, agphdt, petroleum coke, and petrochemicd feedstock (called “light ail for the
chemicd indugry” in Ching). Nearly hdf of thisvolume is petrochemicd fesdstocks
which grew a avery rapid pace as Chind s domestic ethylene production capacity grew
through expansion of exiging units and construction of new ethylene crackers. From 2.23
million tonnesin 1993, tota capacity nationwide grew to 4.42 million tonnes in 2000,
requiring some 18 million tonnes of feedstock. In contrast, demand for ethyleneis ex-
pected to reech 15 million tonnes by 2005, tying Chinain the near term to large scdle im-
ports of plagtics from the internationa market.

Higoricaly, Chinausad primarily the gasoil fraction from didtillation as ethylene feed-
stock, but as cracker scales were smdl (generdly around 200,000 tonneslyear) and the
feedgtock farly heavy, yieds were low, often in the 20-23% range. With modernization,
China has steedily increased the scale of its crackers to 450,000 and 600,000 tonnes'year
and hasincreasngly shifted to lighter ngphtha as a feedstock to increase ethylene yidds.
In the future, China expects ethylene crackers to be primarily naphtha-based, implying
continued high rates of demand growth for this product.

On average, gasoline demand increased rapidly in the 1990s but dowed in 1998 and
1999, reaching about 34 million tonnesin 1999. Owing to the dower growth in gasdline
demand, the gasoline/diesdl ratio of production began to declinein the late 1990s after
geadily increasing for 15 years. Sinopec targeted an output ratio doseto 1:1, hoping to
keep refinery production in balance and use its extengve catadytic cracking capacity for
gasoline production, asthe cyde oil from these units run in diesd maximizing modeis
fairly low qudity. In 1993, the ratio reached its pesk a 0.89:1. By 1999, however, it had
dropped to 0.59:1, the same asin 1980. In 2000, diesd output surged even further, drqo-
ping theratio to 0.58:1.

Least growth in the last decade was seen in fud oil and crude oil direct use, with both
growing at less than 2% ayear during this period. Direct burning of fud ail and crude oil
has been congtrained by government policy encouraging the use of cod asaboiler fud
wherever feasble. As areault, the proportion of fud oil and crude oil burned directly in
bailers has dedined from 36% of totd ail consumption in 1990 to 2296 in 1999. Some
applications, such as glassmaking and ceramics, cannot eesily use cod and continue to
prefer fud oil, while in the South, where cod transport cogts are high, use of fud ail in
power plantsis ill permitted, and many of these fud-ail fired power plants provide
vauable peak-load service. Currently, about 25% of fud ail is used in power plants.

1.1.5. Transport Fuels: Gasoline and Diesel

The structure of China s energy statistics makes it difficult to ascertain the actud volume
of fuels used for transport purposes. Continuing a classfication scheme developed during
the Soviet-influenced period of emphasizing materid baancesin the economy, satidti-
cians dassify gasoline and diesel consumption into the sectors respongible for their car



sumption, not the nature of the consumption. As aresult, for example, gasoline consump-
tion, which normdly would be nearly completely for trangportation purposes, is dvided
among agriculturd, industrid, commercid, trangport, congtruction, and residentid sectors
for the purposes of reporting. In this dlassfication scheme, “trangport” consumption int
cludes only that volume used by trangportation companies assigned to the transport sector
of the economy. Trangport consumption by factory ddivery trucks, for example, remains
in theindudtrid sector.

Without adjusting the numbers to account for “trug’ transportation usage, trangport fued
demand in China gppearsfairly low compared to other countries at asimilar stage of de-
velopment. On an unadjusted basis, trangport demand for gasoline and diesdl accounted
for just 12% of totd oil demand in 1990, rising to 17% in 1999. Adjugting the figures in-
volves certain assumptions owing to alack of gppropriate survey deatato base the adjust-
ment on. For gasolineg, it is safe to assume that nearly al gasolineis used in vehidein
trangportation uses, dthough asmall amount may be used for solvents and other non-
energy purposes. In 1999, China recorded 86,000 tonnes of gasoline used for such pur-
poses out of atota 33.8 million tonnes of gasoline consumption, or just 0.3% of the totd.
Badcdly, al gasoline consumption can be assumed to be for trangportation.

For diesd fud, the Stuation is more complex as desdl serves anumber of transformation
and end-use purposes. In agriculture, for example, diesd usein “waking tractors’ used to
trarsport goods and people (often the most common rura form of trangportation) should
be counted as transportation use. In industry and commerce aswdl, acertain proportion
of recorded diesd useislikely used in trucks and other conveyances and should be class-
fied as trangportetion use. Only in power generation isit unlikely thet the diesd fud is
used for other purposes. Although no hard data exists to calculate these proportions, some
surveys taken in the early 1990s, and subsequent surveys by Sinopec can help estimate
what a“true’ trangportation number should be. These adjusments indude: 20% of agri-
culturd diesd, 10% of indudtrid diesd, and 12% of commercid diesd to derive anew
transportation diese figure. Table 6 summarizes these adjustments for gasoline and die-
s, and provides arebased volume of gasoline and diesd fud for trangport usage.

Table 6. Gasoline and Diesdl Transportation Use
(million tonnes)

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
Gasoline
Official Transport 6.20 7.04 808 837 9.00 9.82 991 11.83 12.17 12.66
Adjusted Transport 1899 2209 2509 28.78 26.96 29.09 3182 3311 33.29 33.80
Adj % of Total 100% 100% 100% 100% 100% 100%0 100% 100% 100% 100%
Diesel
Officia Transport 7.09 7.60 8.28 10.02 9.98 1247 1261 13.80 1902 222
Adjusted Transport 9.75 10.40 11.28 1357 1347 16.32 16.84 18.08 2331 27.28
Adj. % of Total 38% 38% 3% 38% 38% A% 38% 40% 46% 45%
Total
Officia Transport 13.30 1464 16.35 18.40 18.98 2229 2252 25.63 3119 34.87



Adjusted Transport 2874 3249 36.38 2.34 4043 4541 4865 51.19
Totd Qil 10935 11836 12580 14131 14274 15487 17003 187.90
Consunption*

Official Transport as 12% 12% 13% 13% 13% 14% 13% 14%

% of Tota Qil
Adjusted Transport as 26% 27% 2% 30% 28% 2% 2%
% of Tota Qil

21%

56.60
192.76

16%

2%

61.08
202.87

17%

30%

Although the assumptions used to recaculate transport diesel demand do not likely hold
true over the entire decade, the result of the caculation 1999 accords dosdly with the re-
ault of Sinopec’ s own investigation, which estimates diesd trangport use as 45% of totd
diesd in 2000, rigng to 48% in 2005 and 52% by 2010.

1.1.6. Product Specifications
Growing concern over the environmenta impact of risng oil consumption underlay in
part the investment in new refining technologies and supported the revision of product
specifications over the last decade. During the 1990s, focus has been on increasing oc-
tane, diminating lead, and reducing dlowable sulfur content. For diesd fud, focus has
been on improving cetane and reducing dlowable sulfur.

Table 7 provides asmplified summary of the evolution of Chinese product specifications
during the last decade. Nationa specifications for petroleum praducts are issued by the
Sate Bureau of Qudity and Technicd Supervison (SBQTS, now State Adminigtration
for Qudity, Supervison, Ingpection, and Quarantine, or AQSI Q). Mandatory sandards
issued by AQSIQ carry the designetion of GB (guo biao ), indicaing anaiond
gandard. Other pardld standards do exig, including standards developed by the refining
sector itsdf that carry the prefix designation of SH (shi hua ), indicating a sandard
developed by and for the petrochemicd indudtrid, or aQB (qi biao ), indicating a
standard developed by industry for specific enterprises, often in conjunction with mgor
cusomers. The standards listed in Table 7 indude only the mgor GB dandards, the old
70 MON gasoline sandard, for example, was an SH standard, and has been largely
phasad out of use and production.

Table 7. Recent Developmentsin Chinese Gasoline and Diesel Specifications
Leaded Gasoline

1993 2000
Octane RON min 20 93 97 20 93 97
Lead g/l max 0.35 0.45 045
Sulfur ppm max 1500 1500 1500 (abolished)
Olefins % ns ns Ns
Benzene% ns ns Ns
Oxygenates % ns ns Ns
Standard No. GB484-93

Unleaded Gasoline

1993 2000/2003




Octane RON min 90 93 95 90 93 95
Lead g/l max 0.013 0.013 0013 0.005 0.005 0.005
Sulfur ppm max 1500 1500 1500 800 800 800
Olefins % max ns ns Ns 35 35 35
Aromatics % max ns ns Ns 40 40 40
Benzene% max ns ns Ns 25 25 25
Oxygenates%  min ns ns Ns 27 27 2.7
Standard No. SHO0041-93 GB 17930-99
Diesel (zer o-degreepour only)

1994 2002
Grade Premium First Qualified Premium First Qualified
Cetane 45 45 45 45
Sulfur ppm max 2000 5000 10,000 2000 (abolished)
T95°C max 365 365 35 365
Stendard No. GB252-94 GB252-00

Note: Grades of light diesel fuel produced from intermediate base crudes or containing FCC fractions
can have a cetane number of no less than 40.
ns=no specification

The old specifications for leaded gasoline were abolished in 2000. Unleaded gasoline
specificationswererevised in 1999 for implementation in the mgor cities of Beijing,
Shangha and Guangzhou in July 2000. The number of grades covered remained the

same, but the 97 RON grade from the 1993 standard was replaced by 95 RON grade. This
dandard isto be implemented nationwide & the beginning of 2003. Compared to the

1993 gandard, alowable sulfur has been reduced by 47% and new controls were placed
on allowable content of olefins, benzene and aromatics. Given the high degree of reliance
on FCC and RCC unitsfor gasoline production and the rdaively low volume of refar-
meate blended into gasoling, it islikely that the olefin congraint became the most binding
onrefiners.

For diesd fud, the table shows the specifications for only the zero-degree-Cdsus pour -
point grade of light diesd fud, which isthe most common of the various grades produced
in China. Following the old Soviet dassfication sysem, diesd fud is graded by pour
paint, or the minimum tenperaure a which the fud will flow easlly and ignite. Others
indude 50, -35, -20, -10, and +10. Until the new specification went into effect in 2002,
each pour point grade of diesd fue was further classified by dlowable sulfur content into
premium (gagj i ), firdt leve, or “super” (yiji ), and qudified (hege ). These
digtinctions were abolished in the new specification and the more redtrictive sulfur peci-
fication of the premium grade adopted for al pour-point grades. Cetane specifications
were not raised in the new standard, but the 1994 sandard dlowed afarly large exenp-
tion of 40 cetane minimum for diesdl produced from intermediate base crudes and con
taining FCC cyde ail as ablendstock. Given the relatively low volume of hydrocracking
cgpacity in China, FCC cyde ail has traditiondly been a subgtantid blendgtock in light
diesd production. The new standard redtricts this by excluding the FCC cyde ol diesdls
from this exception.



China plans to further tighten quaity standards for gasdine and diesdl. According to
Sinopec, dlowable sulfur in gasoline will be reduced to 200 ppm for gasoline supplied to
Bajing, Shagha and Guangzhou beginning in January 2003 and perhgps to the rest of
the country by 2008 (Q/SHRO007-2000 “Urban Vehicle Gasolineg’). In this proposad revi-
gon, dlowable olefin content will be further reduced to 30% by volume and the cam-
bined volume of olefins and aromatics to not more than 60%. Sinopec dso plansto re-
duce the dlowable sulfur content of gasoline supplied to Bejing during the 2008 Olym:
pics to no more than 30 ppm.

Smilarly, Sinopec plans to reduce the dlowable sulfur in diesd fud supplied to Beijing,
Shangha and Guangzhou to no more than 300 ppm and raise cetane to a minimum of 50
beginning in 2003 (Q/SHRO08-2000 “Urban Vehicle Diesd”), while the rest of the coun-
try may see areduction in alowable sulfur to 500 ppm but without a change in cetane
dandard. By 2008, Beijing (and perhgps Shangha and Guangzhou) may be supplied with
died fud of 30 ppm dlowable sulfur and 53-55 minimum cetane.

1.2. Current Challenges
Chinais committed to increasing the qudity of petroleum products, but the indudtry faces
two broad chdlenges to achieving this goa. One broad area of chalenge isthe near-term
feedstock and technology issues related to tightening specifications on products produced
from Chind s ‘traditiond’ crude date of heavy low-sulfur domestic crudes. The second,
longer-term area of challenge is the technology and feedstock issues related to the main-
terance or further tightening of product quality sandards—particularly sulfur—in the
face of the inevitable rise in the proportion of higher-sulfur imported crudesin Chind's
processng date.

Thetechnica base of China s refineries reflects both the nature of China s domestic
crude sypply as wel asthe variety and volume of products demanded by consumers, the
system is operated primarily to produce gasoline, diesdl, and petrochemica feedstocks
(gasoil and naphtha). The primary upgrading technology for the production of gasoline
and diesd isfluid cataytic cracking (FCC) and resid fluid catdytic cracking (RFCC),
total cgpacity of which is equivaent to about 35% of didtillation cgpacity. FCC and
RFCC units can be operated in various modes to ether maximize alow-octane ngphtha
dream for gasoline blending, or to maximize alow-cetane cycle oil stream for diesdl
blending. A typica blendstock added to FCC ngphtha to achieve the higher octane fin
ished gasoline is reformate, produced from ngphtha processed in reformers, but in Ching,
reformers have traditionaly been used as the source of benzene, toluene and xylenes
(BTX) for the petrochemica indusdtry in the production of plagtics, fibers and other
chemicas. These components of reformate are the source of the high octane vaue of re-
formate; after extraction, however, the resultant raffinate has little gasoline octane blend-
ing vadue. Although higtoricdly up to 80% of reformer capacity was dedicated for petro-
chemica feedstock production, new reformer capadity ingaled in the 1990s has dlowed
refiners to make increasing use of reformate for gasoline blending. Nonethel ess, 80% of
the gasoline blending poal today ill congsts of FCC naphtha



Coking is heavily used to upgrade the * bottom’ of the barrel. Bottoms upgrading is neces-
sary because the heavy nature of Chinese crudes resullts in high yields of fud ail on pri-
mary didillation (generadly 55% or more), and rdatively low yidds of light and middle
didillates Consequently, most find products contain substantial proportions of cracked
materids, which are generdly of lower qudity than straight-run feedstocks. With regard
to product quaity and specifications, the system thus faces a number of chalenges, as
aummarizedin Table 8.

Table 8: Quality Issues Related to China’s Current Processing Configuration

Specification Challenge Technology Optionsand New Ap-
proach&sto Blending
Sulfur High sulfur levelsin diesd and fud Increase desulfurization cgpadty
oll; 1% S average in 40% of diesd; Expand hydrogen production
insufficient desulfurization capac- Emerging technologies: catalytic
ity; high cost of hydrogen didillation
Dilution via zero-sulfur blendstock
Octane Insufficient octane blending mate- Increase reformer capecity
ridsto completely diminate 70 Rase dkylaion unit utilization
MON gasoline and produce higher Expand oxygenate production
octane gasolines Increase FCC capacity
Increase isomerization capacity
Use ORI (octane requirement in-
crease) controllers (combustion
chamber deposit [CCD] additives)
Lead Alternativesin short supply; feed Increase reformer capacity
stock gasesfor dkylaion diverted Raise dkylaion unit utilization
to petrochemicd use; no large- Expand oxygenate production
scale oxygenate production; aro- Increase FCC capacity
métics extracted from most refa- Increase isomerization capacity
mate for petrochemical use Use ORI (octane reguirement in-
crease) controllers (combugtion
chamber deposit [CCD] additives)
Reid Vgpor Need to reduce eveporative |0ss Incresse gas fractionation capacity
Pressure (debutanizetion)
Adjug didtillation range
Cetane Low cetanes from heavy reliance Increase hydrotreeting capacity
on FCC cyde ail as blend stock; Increase hydrocracking capecity
limited SR middle didtillate yidd; Ingtall hydrodearomatization
irwfficie_nt hydrotr_eeti ng and hy- (HDA) (Synsat/Synshift)
drocracking capecity Expand use of cetane additives
Smoke Diesdl ddficit leads to yidd maxi- Reduce T95 temperature
mization from deep cutting; high Increase hydrotreating capacity
percentage of FCC cycdleail in fi- I ncrease hydrocracking capacity

nd product.

Ingal hydrodearomatization
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Specification Challenge Technology Optionsand New Ap-
proachesto Blending
(HDA)
- Create urban diesd blend
Aromdtics Currently & fairly low levelsin - Limit reformate usein gasoline
gasoline owing to reformate short- blend
age; potentidly larger problem; at - Rasedkylaion unit utilizetion
high levesin diesd from reliance . Expand oxygenate production
on FCC cyde all, adding to smoke . Incresse deep hydrotreating capac-
problem. ity
I ncrease hydrocracking capecity
Ingdl hydrodesrometization

Solutions for many of these technica chdlenges are achievable though increased invest-
ment in the sector, and China has indeed focused investment in the last few years on up-
grading exiging refineries and has generdly disalowed the establishment of new grass-
roots refineries. Progress has been hampered by an even greater investment focus—and
greater percelved urgency—on the petrochemica segment, which produces basic petro-
chemicd products such as polyethylene and polystyrene, for which China has become
over 50% import-dependent. With the restructuring of the sector in 1998, invesment by
the oil companiesin marketing rose dramaticaly, offsetting investment in refining.
Sinopec, for example, rasad investment in marketing from ¥ 2.1 billion (US$256 million)
in 1998 to ¥ 16.1 hillion (US$1.96 hillion) in 2000, while invesment in refining fel from

¥ 108 billion (US$1.3 hillion) to ¥ 5.5 hillion (US$670 million) over the same period.

This dow-down and dedline in refinery investment raises some question about China' s
ability to respond effectively to the second and longer term chdlenge to the refining in-
dustry and its ability to further tighten product qudity standards to meet environmenta
gods Since becoming anet importer of oil in 1993, imports of crude oil done have risen
dramaticdly, reaching 70 million tonnes (1.4 million b/d) in 2000. By 2005, imports are
projected to reach at least 95 million tonnes (1.9 million b/d) and at least 108 million tan+
nes (2.16 million b/d) or more by 2010. Given the limited ability of Chind srefining in-
frastructure to handle and process high-sulfur crudes such as Arab Light or Iranian Light
common on the internationa export market, China has to date rlied on ajudicious sHec-
tion of lower sulfur crudes for import from countries such as Indonesia, Mdaysia, Papua
New Guinea, Oman, Angola, Libya, and even a times from the North Sea. With the vol-
ume of imports growing, Chind s own purchasng pattern has even had an impact on the
international market; the higher demand for scarcer low-sulfur crudes has at times wid-
ened the price differentid with higher-sulfur grades. Nonethdless, in recognition that
long-term supply sahility requires dependence on the mgor Middle Eastern producers,
China has begun to convert sdected coagtd refineries to process higher-sulfur grades,
induding refineries & Maoming, Guangzhou, Zhenha, Shangha, Jnling, and Qilu. Cur-
rently, total primary didtillation capacity desgned to handle higher sulfur crudes is about
19 million tonnes and about 7 million tonnes higher sulfur crudes were actudly processed
in 1999.




Converson of refineries for handling higher sulfur crudes involves, firgt, replacement of
the ‘ soft’” ged in didtillation units, piping, and other equipment exposad directly the car-
rosve impact of the sulfur compounds in the crude and intermediate Sreams. Second, to
reduce the sulfur content in find products to meet even current pecification require-
ments, additiona hydrotreating and hydrodesulfurization units will be necessary, both of
which require large volumes of hydrogen for operation. As most imported crudesyied
larger volumes of light and middle didtillates from primary didtillation compared to Chi-
nese crudes, less upgrading of bottoms will be necessary, and new blending recipels may
help improve the quality of find products. It is unclear, though, whether the current plans
to expand cgpacity of high-sulfur-crude processing will at the same time dlow even fu-
ther tightening of quality specificationsin other areas of environmenta concern, particu-
larly in the areas of low and ultrarlow sulfur diesd, higher octane gasoline without the
use of lead-based additives, lower smoke and higher cetane in diesdl. The capital-
intensve nature of refining requires that the nationd oil companies mohilize subgtantia
budgetary resources to achieve a number of pardld and competing gods expanson of
refinery upgrading units; converson to high-sulfur pracessing; and expansion of petro-
chemica processing capacity aswell as of the supply of petrochemica feedstock. This
provides further uncertainty with regard to the state companies ability to achieve yet an-
other god: that of producing cleaner fuels to reduce environmental emissions.

1.3. What is the Question?
This sudy investigates the question, what are Chind srefining options in light of afuture
of changing gasoline and diesd quidity specifications? China has plans to harmonize its
gasolineand diesd fue specifications with European standards, generdly lagging by a
few years the European adoption schedule. A key hypothesis of the study isthat the ex-
iging capitd plant and the refinery technology in place will not be adequate to produce a
full output date of these cleaner-burning fuds, particularly in light of rgpid growth in
domestic demand. Thisis so cespite the rapid expangon of the Chinese refining industry
over the past decade. With the need for further investments looming on the horizon, Chi-
nese refiners dready have st a number of expangon and modernization plansin motion.
Part of our god with thiswork isto identify the technologies needed and the levels of
investment that will be required under a set of future scenarios wherein gesoline and die-
s specifications are successively tightened. Because refinery expangion plans aready
are underway, there may be opportunities to plan modernization in phases, or to jointly
plan units S0 as to achieve advantageous feedstock relationships, or to plan larger units
that enjoy economies of scade. We explore theissue of how the Chinese refining industry
will adgpt to change, how it might grow and invest, and how much it might cogt to pro-
duce the new fuds.

2. Methodology

2.1. Basics of Linear Programming
Because the issue of refining and fud reformulation in Chinamust be assessed in aquan-
titative and systemdtic fashion, Trans-Energy Research Associates portion of the sudy



of reformulated gasoline and diesd in Chinardlies on linear programming, dso known as
LP modding or optimization modding, as akey andyticad methodology.

LP problems provide the optima (often thought of as least-cost, highest-prafit, or most
efficient) solution to systems of n egquationsin m variables, where m islarger than n.
Typicdly, there are infinite solutions to such a problem. Any solutionis cdled a“feas-
blevector.” Thegod isto find the “optimd feasblevector.” Performing the search for

the optima feasble vector on atrid-and-error basis would take so long as to make most
refinery problemsinsoluble. Consder the following smple example of crude date selec-
tion:

Purchase a crude date that providesa minimum of 100 kb/d of naphtha and 100
kb/d of fud oil from the following choices:

Crudel Crude2 Crude3
Cog $10b Cog $15b Cog $20b
Naphtha Yidd 10% D% 50%
Middle Didtllate Yidd 2% D% A%
Fud Qil Yidd % A% 10%

It can be seen from this Smple example that buying 1000 kb/d of crude 1 satisfiesthe
god, with quite a bit of surplusfud oil. Buying 3334 kb/d of crude 2 dso satidfiesthe
god. Buying 1000 kb/d of crude 3 stidfies the god with agreat ded of surplus naphtha
We could mix our purchases, buying 120 ki/d of crude 1 plus 180 ki/d of crude 3. If
cod is not afactor, we could digpense with the mathematics and Smply purchase 1000
kb/d or more of any of these crudes. There are an infinite number of solutions, but
clearly some are much more efficient than othersare. A smple problem like the one
above can be solved by hand, given ahit of time and perhgps a cdculator, but red refin-
ing problems are much more complex. LPsfind the most efficient sdution set.

The main components of alinear programming problem are

1 A st of nvaiablesx, %, .. %. These are sometimes called “activities’
inlinear programming.
2. A function F(x, X2, ...X,) of the varidbles. Fislinear, which meansthat it

can be written in the form F(Xq, X2, .. X)) = C1XatCoXe+ .. .G Xn, Wherethe ¢; are congtants.
Fis cdled the “objective function.”

3. A =t of linear (in)equditiesrelating to the n variables. These are cdled
the “condraints’ inthe LP problem. Theith condraint may be written g1x + axxz +.
+anX =h . Eacha; and b isacongant. In some cases, the inequality may be = butthls
isjust asign change, and in some cases the condraint may be an equdity. Theby arere-
ferred to asthe “right hand 9de,” or RHS of the condraint.

4. A requirement that each x; be positive, =0
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Given the définitions above, the linear programming problemis
Maximize f(x) subject to

gi1X + axXe +... +anXn = b fori=1..mand

xj=0for j=1..n

Thefirg dgorithm for solving LPsin a sysematic fashion was published by G.B.
Dantzig in 1948. More efficient variaions of Dantzig' s algorithm were developed there-
after, and the most common technique now used is the Revised Smplex Algorithm. This
agorithm has been implemented on mainframes and desktop persond computers. Trans-
Energy Research Associates, Inc., builds and operates its own LP modes.

The overdl cost of the solution istracked in the modd’ s objective function (OBJ.) The
modd output will show the solutions to each equation and varidble. For example, the
eguation and variables showing crude purchases will show the volume of eech crude pur-
chased and the total amount spent. The amount of catalytic cracking activity will be
shown as the volume of cat cracker feed loaded onto the cat cracking process vector. Di-
viding the volume of feed by the cat cracker cgpacity provides the unit’ s utilizetion rate
(eg., 25 kb/d of feed to a 30 kb/d cat cracker indicates around 83% utilization.)

2.2. Linear Programming and Petroleum Refining

One of the principa reasons the Trans-Energy/L BL/CPCC team has sdlected the LP ap-
proach is that L Ps are the most commonly used methodology for refinery modeling, and
for good reason. In an LP, the columns or varigbles typicaly represent actua processes
in the refinery, and are more firmly grounded in redlity than more theoreticd, macro
models.

For example, there will be a column representing the amospheric didtillation of, say,
Daging crude. Thetotd volume of this crude may vary, but the activity on the column,
which dso isthe vaue of the varigble for the modd run, isthe totd volume of Daging (or
Daging-type crude, which could dso include similar crude sreams) used. The sum of
loading on dl of the crude vectors will amount to totd Chinese refinery inputs of crude
by type. When tracking refinery unit utilization, there will be a column (or columns) rep-
resenting downgtream refinery units, such as catdytic cracking units. The loading on
these columns will represent the actud amount of feed moving through the cat crackers,
which when divided by the capaaity will yidd the utilization rate.

The eguations in an LP often make intuitive sense. For example, the equation represent-

ing diesd production may be something dong the lines of:

Diesdl supply = straight-run diesel + hydrocracked diesel + hydrotreated diesel + light-
cycleoil + treated light cycle oil + downblended kerosene + imported diesel - exported
diesdl.

Strict reformulation of diesd in Chinamay change not only the volumes of individua
diesd blendstocks in the equation, but may dso add new dements and subtract others.



For example, an ultra-low sulfur diesd may contain no light cyde oil materid, may

diminate dl sraight-run diesd and kerosene, and may add deeply desulfurized blend-

docks The eguation might change dong the lines of:

Diesdl supply = hydrocracked diesel + hydrotreated diesel + deep-desulfurized diesdl +
aromatics-saturated diesel + downblended desulfurized kerosene + imported diesdl - ex-

ported diesel

Thus, it is often far eader to interpret LP output than output from other types of modding
methodologies This being the case, it is dso easer to identify problem areas and debug
the modd. The modder aso can adopt smple naming conventions for the variables and
equations.

Linear program modding is the petroleum industry standard in terms of refinery mode-
ing. Inthe case of petroleum refining and trade, there are multiple inputs to the process-
ing center, Snce there are many crude oils and feedstocks at varying prices and availabil-
ities. Within the processing center, there are multiple technologies and pathwaysto
trandform the raw materiasinto finished products. The products are Smultaneoudy pro-
duced. (That is, thereisredly no feasible way to refine abarrd of crude and produce
only gasoline) There are multiple outputsto sdll in locd or distant markets. Essentidly
al modern refineries use detailed LP modd s to optimize operations. Some of these mod-
esmay cona of literdly thousands of equationsin multiple thousands of variables.
Optimization modds are used to find |east-cost pathway's to meet certain conditions or
condraints st by the modder. In arefinery sense, this may include:

The sdlection of acrude oil date, plus other feedstocks and blerd-
stocks,

Sdection of refinery unit modes and intensities,
Pre-treating feeds for downstream units,

Channdling intermediate streams (such as feeds and gases) from one
unit to the next,

Consumption of cataysts, hydrogen, water, eectricity, and purchased
natura gas,

Blending of finished petroleum products to meet market demands and
qudity oecifications,

Producing and/or purchasing oxygenates for reformulated gasolines,
Buying and sdlling products and intermediate streams.

LP modding is dataintensve in severd ways. First, agreat ded of datais required to
build, debug and cdibrate the modds. Second, building scenarios for andysis requires a



solid understanding of the market issues at play. Third, running the scenarios and ardlyz-
ing the output requires the ability to wade through solution sets for hundreds of equations
in thousands of variables to determine what the modd output redly means. Although
some of the issues listed above may not seem particularly relevant to the current study of
Chinese gasoline and diesd, the fact that there are so many “moving parts’ in alarge
mode means that any changing virtualy any variable or congtraint can change qatimum
solutions in unexpected ways. Dataqudity is of paramount importance in building mad-
elsthat provide useful outputs, and modder experienceis of paramount importancein
interpreting output and trandating data output into useful ingghts into the market. Thisis
the main reason that the research team worked closdy with Chinese refiners and govern-
ment agencies to developing the input data sets for the modd work.

2.3. What LPs Can Tell You and What They Cannot Tell You

LPsare a their most powerful when they are used for scenario andysis, testing the im-
pacts of various changes in eements such as cogt, market availability, demand, qudlity,
feedstock types and prices, trade options, capitd investment options, and so forth. They
arerardly congdered useful if dl that isrequired isasingle, Satic image of the future.

The effectiveness and accuracy of LPs are dso dictated by the qudity of the data used to
prepare them. As noted, building arefinery sysem LP is data intensive, and many of the
data inputs are a process of estimation—essatidly, the modd must didlill acomplex
red-world system down into a computer-based systemn of linear equations, and such a
processis never perfect. While modeling work may shed light on the reasonableness of
various datainputs, they generdly cannot pinpoint exact vaues. As an example, we did
not have an explicit figure on demand for petroleum cokein China, so we inserted into

the tableau an gpproximeate figure of 25 ki/d for the year 2000 cdlibration runs. We did
have trade data for thet year: coke exports were officidly reported a 23.8 kb/d, while
imports were 0.7 kb/d. With demand of 25 kb/d, this resuited in an inferred 48.1 kb/d of
refinery output of coke. Thiswas agood fit with the modd work. The modd runsfor
2000 produced 46.1 ki/d of coke and exported 21.1 ki/d—which leads to the condlusion
that 25 kl/d of coke demand is a reasonable gpproximation. The modd, therefore, did not
pinpoint a number, but validated the approximetion.

LPsare ds0 highly sendtive to price, astypicdly they are desgned and run in cost-
minimization or profit-maximization mode. If arefinery sysem operatesin a highly car
trolled market where price sgnds are confused, an LPis unlikely to be auseful tool.
Whileit might be possible to build and cdibrate arefinery LP for such a market, the
modd would contain so many congraints and o many upper and lower bounds thet it
would have little leaway to search for lower cost, more efficient solutions.

2.4. Gasoline and Diesel Reformulation Issues and CHREF2
Trangport fud quality sandards historicaly were promulgated mainly to ensure
minmum performance criteriain various engine types. As such, fud properties often
have been modified to kegp pace with devel opments in automotive engineering. For
gasoline engine performance, the most important fuel properties have been the antiknock



engine performance, the most important fuel properties have been the antiknock charac-
terigtics, the boiling range, and the Reid vapor pressure, or RVP. Engine knocking, or
“pinging,” indicates insufficient octane, which is measured as RON, or Research Octane
Number and MON, Mator Octane Number. EURO standards specify both RON and
MON, so0 our modd blends gasoline to a minimum octane rating (R+M)/2 thet isthe ar-
erage of the two numbers. (Chinese sandards typicdly have specified RON or MON,
but not both.) The bailing range and RV P govern ease of startup, tendency toward vgpor
lock, fuel economy, and eveporativeloss. Too high an RVP, for example, indicatestoo
great atendency for hydrocarbonsin the fud tank to flash into vgpor. Not only can this
prevent ignition, it contributes to evaporative fud |oss and unburned hydrocarbons d-
rectly into the aamosphere.

For diesdl engine performance, the cetane number measuresignition properties. The
cetane number isinversaly related to the aromatics content, SO in Some Situations aronet-
ics per seare not regulated, but indirectly their percentage volume in the pod islimited
when ahigh cetane number is specified. Other important properties are the ditillation
range, the pour point, the flash point, and the sulfur content. In terms of emissons, re-
ducing sulfur levels has been found to reduce nat only sulfurous compound emissions but
other pollutants as well, such as particulate matter. Controlling the didtillation range viaa
T95 spedification do isintended to reduce emi ssions by reducing the amount of the
heaviest fractions (including some of the heavy arométics) in the finished poal.

In Asaand around the world, gasoline and diesd specifications are changing. Thetime-
lines and stringency of the pecification changes vary from country to country, but certain
commondities sand out.

In terms of reformulating gasoline, the most common meaaures taken include afull phas-
eout of the use of lead compounds as octane enhancers while maintaining minimum cc-
tane levels, controls on RVP to reduce evapordive |loss, reduction of sulfur levels, con
trols on benzene and arometics content, and addition of oxygenatesin some markets. Re-
formulaing diesd typicdly involves improvement of cetane numbers, reduction in aro-
metics content, reduction of sulfur content, and control of the didtillation range. A

phased gpproach toward gasoline reformulation might involve, for example, firg, the
phaseout of lead and the adoption of RVP and sulfur sandards; second, controls on ben-
zene, aromatics, olefins and bailing ranges;, third, further tightening of sandards, such as
reducing the maximum benzene content from 3.5% by volume to 1.0% by volume, and
reducing dlowable sulfur leves from, say, 300 parts per million (ppm) to 150 ppm (the
level in EURO3 gasoline) and then to 50 ppm (the level in EURO4 gasdline) A phese
gpproach toward diesd reformulation might call for an immediate reduction in sulfur
cortent to 500 ppm, followed by further cuts to 350 ppm (the EURO3 standard) and then
50 ppm (the EURO4 standard,) along with perhaps improvementsin cetane number, con-
trols on boiling range, and redtrictions on aromatics content.



3. Model Assumptions and Results

3.1. Summary of the Scenarios

Ten scenarios were deve oped for testing in the mode, including a base case of the actud
Stuation in 2000, a base case and three dternatives for 2005, a“2008 Olympics’ case,
and a base case and three dternatives for 2010. A summary of the scenariosis shown in
Table 9.

Table9. LP Mode Scenarios Of Chinese Gasaline and Diesdl Quality

Scenario 1. Base 2 3 4 5 6 7 8 9 10
Number
2005 2005 2005 2008 2010 2010 2010 2010
2000 Base Euro2+ 2005 Euro2 Euro3 Base Euro3 Euro3 Euro3
Acual (Euro 2) 35% Euro3  +35% +15% (Euro3) +15% +40% +15%
Euro3 Euro 4 Euro 4 Euro4 Euro4 Eurob5

90, 93, and 97 Octane

RVP ps 9 8.70 8.70 7.98 7.98 8.70 7.98 7.98 7.00
max

Sulfur ppm  1000/800 500 150 150 50 50 150 50 50 10
max

Olefins 35 35 18 18 14 14 18 14 14 14
vol% max

Aromatics 40 40 42 42 35 35 2 35 35 35
vol% max

Benzene 25 5 1 1 1 1 1 1 1 1
vol% max

Oxygen 2.7 2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7
wit%

min/max

Automo-

tive Diesel

Cetane no. 45 49 51 51 55 55 51 55 55 55
Sulfur ppm 2000 500 350 350 50 50 350 50 50 10
max

Aromatics

vol%

Polycyclic 11 11 4 4 11 4 4 4
aroms %

T95 % 370 350 350 340 340 350 340 340 340
Density (at 820-860 845 max 845 845 845 845 max 845 845 845
15degC) max max max max max max

Note: In mixed scenarios, the specifications shown are those of the more stringent specification. In Scenarios 2 and 3, current speci-
fications on olefins, aromatics, benzene, and oxygen have been added.

These scenarios derive from discussions with SEPA, Michad Wash, Sinopec and other
related experts in the oil and transportation sectorsin China and abroad. It was decided
that the base case should be product specifications in place in 2000 for three grades of
gasoline and for automotive diesd (Scenario 1). Asnoted in section 1.1.5, “automative
died” indl casssrefersto the esimated volume of diesd production detined for trans-
portation use as opposad to boiler or other indudtrid uses. Even though in the 2000 base
case there is no didtinction between the product specification for automative vs non-
automotive diesd, this distinction is important in future scenarios as it defines the volume



of find diesd production subject to increasingly stringent specifications. In the modd,
non-automotive diesd was assumed to maintain a 0.2% maximum sulfur specification,
while the spedifications assumptions for automative diesd were varied by scenario.

For 2005, three scenarios were developed. The base case scenario for 2005 reflects fur-
ther strengthening of product specification beyond thoseliged in Table 7 to the equiva
lent of the Euro 2 standards for nationwide implementation, the mgor difference from
current gandards being the reduction in alowable sulfur in diesd to 500 ppm from 2000
ppm (Scenario 2). Scenario 3 combines a basdine Euro 2 specification with the imple-
mentation of Euro 3 gandards in sdlected cities. SEPA has designated certain cities as
“pilat cities’ for use of both cleaner and dterndtive fuels, and Sinopec has estimated that
those cities account for about 35% of totd demand for gasoline and trangport diesd.
Thereis precedence dreedy for distinguishing product specifications by region such as
done here; dready, China hasimplemented new gasoline specifications firg in Beijing,
Shanghal, and Guangzhou prior to nation-wide use. The find scenario for 2005 assesses
theimpact of moving beyond regiond didtinctionsto full nationd implementation of

Euro 3 gandards (Scenario 4). Scenario 5 duplicates the thinking behind Scenario 3 in
terms of providing deaner fue's meeting Euro 4 sandardsfirg to the mgor cities prior to
nationd implementation.

A gandadone 2008 scenario (Scenario 6) was developed in recognition thet Beijing is
likely to require cleaner fud sandards for the city prior to and during the Olympic games
of 2008. Although this change is currently under congderation, it isnot dear if it will go-
ply only to Beijing or to the top three dities of Beijing, Shangha and Guangzhou, which
account for an estimated 15% of demand for these fuels. In this model assessment, the
rest of the country is assumed to have aready reached Euro 3 levels, while the three cities
moveto Euro 4.

Thefind five scenarios of 2010 continue the assessment of increasing the stringency of
product quality specifications. In this year, the base scenario is assumed to be the nation-
wide adaption of Euro 3 sandards for gasoline and transport diesd (Scenario 7). Scenario
8 pardlels Scenario 6 in the adoption of Euro 4 andards for the top three cities, but im-
plemented 2 years after the Olympics. Scenario 9 is more aggressive, adopting the Euro 4
sandard in the wider set of “clean fud” cities, where totd demand for gasoline and trans-
portation diesd is estimated to have risen to 40% of the tatd, compared to 35%in
Scenario 5. Scenarios 10 is the mogt aggressive of the sat and assumes the adoption of the
gringent Euro 5 sandards in the three mgor dities s requiring a drop to only 10 ppm sul-
fur in gasoline and 10 ppm sulfur in diesd fud. Thisfina scenario represents a 99% re-
duction in dlowable sulfur in these fues within a tentyear period.

In generd, the scenarios test two different gpproaches to increasing product qudity. One
is going for nation-wide implementation of asingle set o product qudity specifications
(ignoring current regiona and seasond differences in gasoline RV P, for example), and
the second looks a the possible differences in invesment requirements by firgt tightening
product specification in the mgor cities (the “clean fud cities’ or the three mgor dities)
prior to nationda implementation. Such an approach hasinternationa precedents as well



and could be away to mitigate the investment requirements to bring the country to the
same product pecification level Smultaneoudy.

3.2. Model Assumptions

3.2.1. Refinery Configuration
The basdine configuration of Chind srefining sysem as used in the modd is shown in
Table 10. These figures aggregate the combined capacity of Sinopec, CNPC, and the re-
maining regiond and locd refineries. Although many of these regiona and locd refiner-
ies are dated to be shut down or combined with Snopec or CNPC refineries, their tota
refining capacity isonly about 7% of the totd in terms of ditillation cgpecity, and even
less—in most cases zero—in terms of upgrading capacity.

Table 10 Current Refinery Configuration in China

Unit Name Million Thousand Barrelsper
Tonnes Day (kb/d)

Atmaospheric and Vacuum Didtillation (AVDU) 276.0 5520
Huid Cadytic Cracking (FCC) 19.7 34
Resd Huid Cataytic Cracking (RFCC) 69.4 1,388
Deep Catdytic Cracking (DCC) 35 70
Hydrocracking (HDC) 129 258
Deayed Coking (DC) 20.6 412
Therma Cracking/Visbresking 8.7 174
BTX Extraction (BTX) 59 118
Cadytic Reforming 15.2 3
Alkylation 14 2
C5/C6 |somerization -

Naphtha, Kerosene, & Diesd Hydrotreating (HDT) 28.0 50
Vacuum Gas Oil (VGO) Desulfurization -

Resd Hydrodesulfurization (HDS) 52 104
Lubes 4.0 0
Solvent Deasphdting (SDA) 9.9 198
Agphdt 49 B8
MTBE 10 20
H, Production 0.6 12

In order to increase the usefulness of the scenario results, the model dso takesinto ac-
count the refinery expansons dready underway or likely to be completed by 2005. Given
that the modd takes into account the exigting base of refining technology in the selection
of new technology to build, it isimportant to indude these devel opments to avoid over-
dating the need for new unitsin response to tighter product specifications beyond whet is
dready current expected. The assumed capacity expansons are further detailed in Section
3.4.1 (p. 58). Since these are current investments, however, they are conddered in the
cdculaion of upgrading cogts for eech future scenario.
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3.2.2. Crude Oil Supply
As noted, Chinaisamgor producer of crude ail, and many oil-prospective areasremain
to be devdoped, particularly in the western provinces. Chinese ail qudlity istypicdly
very good—Iow in sulfur, with good sraight-run middle ditillate properties, and with
fud oils suitable for cracker feed. Nonethdess, in the longer term Chinawill be reying
more on imported crude ail, with Middle Eastern sour (higher sulfur) crudes coming to
play alarger rolein therefinery date. Inthe pad, it has been possble for Chinato avoid
making certain sour crude investments because of the widespread availability of sweet
(low sulfur) crudes. In the future, we assume that any new refinery investment will be
geared to handle sour crudes, and as will be discussed in more detall in the Results sec-
tion, the modd tended to import less expengve sour crudes as soon as the option was
mede available to invest capitd in the refining indudtry.

Representing the Chinese crude date in CHREF2 involved modifying crude oil assays for
arange of Chinese domegtic, Asan, Middle Eagstern, African and European crudes.
These span across a wide spectrum of qudity, from very light, sweet crudes (typified by
Madaysan, African, and North Sea crudes) to sour, fairly heavy crudes (typified by Arab
Heavy and Iranian Heavy crudes) The higher qudity crudes are assumed to command a
price premium. The modd inputsincluded the types of crudes, their prices and transport
codsin US dollars per barrd, and their upper bounds of avallability in 2005, 2008 and
2010. Theseinput assumptions are detailed in the table following in the section on pric-
ing.

The crude purchase tables are designed to give agood range of options for the future
crude date without going too far in one direction or ancther. International market forces
dictate prices, and it is assumed that certain volumes of certain types of crudes will &-
ways be avalable for aprice. Logicdly, if amgor buyer such as China entered the mar-
ket for a huge volume of, say, Angolan light sweet crude (represented by Cabinda-typein
the modd ) the price of light sweet African crudes might tend to rise relative to other
crudes. If the price premium grew too large, however, the incentive to purchase Angolan
crudes would be lessened, and one or more Chinese refiners would switch to other
types—perhaps light sours, with the proper investments. Thus, crude prices tend to track
one another, and price differentials between crude typesrarely get so wide that some cru-
des are hugdly under- or over-priced reative to others. Crude transport costs aso figure
into the choice of crude date, in the modd and in the redl world. For example, transport
costs for North Sea sweet crudes are sgnificantly higher than those for Adan light sweet
crudes. But the trangport codt differentia would become insignificant if the price of
Asian sweet crudes went too high. European sweet crudes would tend to flow to Ada,
exerting downward pressure on prices.

Further congtraining the crude purchase decision is the role of upper bounds, or UB-
OUNDS. For Chinese domestic crudes, the UBOUNDS are modified from CPCC' sfore-
cast of crude production, which sets an upper limit on domestic crude use. For imported
crudes, the UBOUNDS are not So much based on physicd production, but instead on as-
sumed market avallability. For example, Maaysian crude production over the coming
yearsis expected to be in the range of 500-700 kl/d, yet we set the upper bound of Tapis



crude purchase at 42 kb/d only. The reasons are, firgt, that Maaysan refineries will
process the mgority of Maaysan Tapis-type output (or Tapis “look-dikes’ in other
Asan countries,) and second that there are a host of other customers besides China
While having alow-sulfur crude date would make it easier for Chinese refiners to meet
future EURO fud sulfur gandards, market redlitieslimit the amount of sweet Adan cru-
des avallable to China. The next tier of supply would be African and Northern Euro-

pean—at a higher price.

3.2.3. Pricing
As China hasincreasingly become integrated into the world oil market, its domestic pric-
ing hasincreasingly reflected world market prices. The trend is not surprising, as China
has moved from domestic sef-aufficiency to anear one-third externd dependency on all
imports. Asthe US discovered by the late 19705 it is nearly impossible to maintain a
separate domestic pricing sructure for oil when a subgtantia portion of supply isim-
ported. In the current study, we assume aswell that Chinawill face international market
prices for its crude and product imports and exports, separated from internationd prices
only by thelevd of tariff onimports, which is expected to fal asWTO rules fully come
into play in the ail sector in threeto five years. Trangportation prices for imports and ex-
ports aso reflect internationa shipping prices, and in some cases are tiered by volume,
reflecting the higher cost of importing crude or products from more distant locations as
locd availahility is depleted.

The crude cost and freight assumptions discussed above are presented here in amore de-
talled table, showing the prices and availahilities used as inputs to the modd in our sce-
narios of 2005, 2008 and 2010 (Table 11). Also included isabrief guide to the genera
types of crudes used. Note that the crude streams need not be exactly as named; eg.,
Murban need not be only Murban crude, but may dso represent other Middle Eagtern
light, medium sulfur crudes. Oman and Murban are two of the higher-qudity Middle
Eagtern crudes in the modd, and ther avallabilities are limited to 200 ki/d each in 2010.
The dominant crudes are assumed to be smilar to the Saudi Arabian, Kuwati, and Ira:
nian lights and heavies. The modd is not required, technicdly, to import crude a al, but
in generd the modd kept crude runs high, and rdlied upon domestic refining to meet the
mgority of product demand. Within this framework, therewas variability in the types
and volumes of foreign crudes selected. The purchased crudes are detailed further in the
section on Modd Reaults



Table11

Crude Types and Costs Represented in CHREF2 Model, 2005, 2008 and 2010
(costs in $/b, bounds in kb/d)

Guide to Crude Names and Types:

Code Name General Type 2005 CRUDECOST UBOUND CTRANSCOST
BUY.ALT Arab Light Light, high sulfur BUY.ALT $ (22.90) 1,500.0 $ (1.78)
BUY.ARH Arab Heavy Heavy, high sulfur BUY.ARH $ (22.20) 1,000.0 $ 1.74)
BUY.OMA Oman Light, med sulfur BUY.OMA $ (23.56) 180.0 $ (1.28)
BUY.MUR Murban Light, med sulfur BUY.MUR $ (23.62) 180.0 $ (1.82)
BUY.KUW Kuwait Light, high sulfur BUY.KUW $ (22.40) 350.0 $ (1.74)
BUY.IRH Iran Heavy Heavy, high sulfur BUY.IRH $ (22.49) 300.0 $ (1.58)
BUY.IRL  Iran Light Light, high sulfur BUY.IRL $ (22.52) 300.0 $ (1.66)
BUY.BRE Brent Light, low sulfur BUY.BRE $ (23.22) 200.0 $ (1.98)
BUY.CAB Cabinda Light, low sulfur BUY.CAB $ (23.12) 100.0 $ (1.92)
BUY.MIN  Minas Light, low sulfur BUY.MIN $ (22.82) 62.0 $ (0.99)
BUY.TAP Tapis Light, low sulfur BUY.TAP $ (24.72) 420 $ (1.03)
BUY.DAQ Daging Light, low sulfur BUY.DAQ $ (23.48) 589.0 $ (1.68)
BUY.ARU Arun Condensate BUY.ARU $ (25.45) 110 $ (1.58)
BUY.SHE Shengli Heavy, med sulfur BUY.SHE $ (20.15) 3014 $ (1.36)
BUY.NAN Nanhai Light Light, low sulfur BUY.NAN $ (22.90) 2055 $ (2.01)
BUY.HUA Huabei Med, low sulfur BUY.HUA $ (23.48) 909.6 $ (1.24)

2008 CRUDECOST UBOUND CTRANSCOST 2010 CRUDECOST UBOUND CTRANSCOST
BUY.ALT $ (24.16) 2,600.0 $ (2.47) BUY.ALT $ (25.00)  4,500.0 $ (2.94)
BUY.ARH $ (23.46) 2,0000 $ (2.43) BUY.ARH $ (24.30)  2,500.0 $ (2.90)
BUY.OMA $ (24.95) 180.0 $ (1.98) BUY.OMA $ (25.88) 200.0 $ (2.44)
BUY.MUR $ (25.24) 180.0 $ (2.51) BUY.MUR $ (26.32) 2000 $ (2.98)
BUY.KUW $ (23.49) 400.0 $ (2.43) BUY.KUW $ (24.22) 400.0 $ (2.90)
BUY.IRH $ (23.71) 3300 $ (2.28) BUY.IRH $ (24.50) 350.0 $ (2.74)
BUY.IRL $ (23.77) 4200 $ (2.35) BUY.IRL  $ (24.62) 4200 $ (2.82)
BUY.BRE $ (25.05) 2000 $ (2.67) BUY.BRE $ (26.27) 2000 $ (3.13)
BUY.CAB $ (24.95) 100.0 $ (2.61) BUY.CAB $ (26.17) 100.0 $ (3.08)
BUY.MIN  $ (24.65) 548 $ (1.68) BUY.MIN  $ (25.87) 500 $ (2.15)
BUY.TAP $ (26.55) 420 $ 1.72) BUY.TAP $ (27.77) 420 $ (2.19)
BUY.DAQ $ (24.74) 556.2 $ (2.37) BUY.DAQ $ (25.58) 5342 $ (2.84)
BUY.ARU $ (27.93) 126 $ (2.28) BUY.ARU $ (29.58) 13.7 $ (2.74)
BUY.SHE $ (21.41) 2932 % (2.06) BUY.SHE $ (22.25) 287.7 $ (2.52)
BUY.NAN $ (24.16) 2466 $ (2.71) BUY.NAN $ (22.90) 2740 $ (2.01)
BUY.HUA $ (24.74) 838.1 $ (1.94) BUY.HUA $ (23.48) 790.4 $ (2.40)

Themodd in generd found its nameplate crude didtillation capacity adequete, but it
should aso be noted thet the totd crude availability in the modd adds up to avolume

well beyond exigting and planned capacity. For example, in the year 2010 scenarios, we
assume that up to 4,500 kb/d of Arab light type crude is availadble far purchase—a vol
ume higher than recent actua crude runsfor dl streams. But part of the modd’s function
isto decide on the most cost-effective strategy to meet the requirements of the market.
We expect the model to purchase crude only as necessary, and it did not over-expand ca-
pacity to raise crude runs and excessively boost product exports.

Internationd prices dso are st in the modd for products and blendstocks. Chinaisa
fairly active product trader, often with seasond trades and import-export patterns influ-
enced by the country’ s expansive geography and large number of coastal metropolitan
areas. Table 12 presents the price assumptions used in the modd, dong with the assumed
trangport costs and product import duties. During the course of this EF project, China
formally entered the World Trade Organization, or WTO. Because of membership in this
organization, we assume that product import duties will be reduced to 2% for dl products



by the year 2008, rdative to dutiesin the 6-9% range in 2000 and an assumed 56% range
by 2005.

Table12

China Model Price Assumptions, Product and Blendstocks
(1999 Constant $/barrel)

Diesel <0.05%S Euro2 $34.50 $1.31 6% $30.15 $1.52 6% $3291 $1.66 2% $34.75 $1.76
Diesel <0.015%S Euro3 $35.00 $1.31 6% $3065 $1.52 6% $33.29 $1.66 2% $35.05 $1.76
Diesel <0.005%S Euro4 $35.50 $1.31 6%  $31.15 $152 6% $33.73 $1.66 2% $35.45 $1.76
Diesel <0.001%S Euro5 $36.00 $1.31 6% $3165 $1.52 6% $34.23 $1.66 2% $35.95 $1.76

MSFO 2% S $25.00 $1.27 12% $21.00 $1.47 6% $22.20 $161 2% $23.00 $1.71
LPG $19.77 $250 6%  $1857 $290 5% $21.46 $3.18 2% $23.38 $3.36
MTBE $35.70 $2.29 $35.70  $2.65 $38.72 $2.91 $40.74  $3.08
Asphalt $24.80 $1.77 9%  $20.20 $2.05 6%  $20.50 $2.25 2% $22.20 $2.38
Lubes $40.00 $2.80 9%  $39.00 $325 6% $42.00 $356 2% $42.00 $3.76

Product 2000 transp duty% 2005 transp duty% 2008 transp duty% 2010 transp duty%
Naphtha $29.61 $1.31 6% $25.70 $1.52 6% $27.14 $1.66 2% $28.10 $1.76 2%
Euro2 Reg $31.08 $1.29 9%  $27.10 $1.50 5% $29.44 $1.64 2% $31.00 $1.73 2%
Euro2 Prm $33.08 $1.29 9% $29.60 $1.50 5% $32.36 $1.64 2% $34.20 $1.73 2%
Euro3 Reg $32.58 $1.29 9%  $28.70 $1.50 5%  $31.10 $1.64 2% $32.70  $1.73 2%
Euro3 Prm $34.28 $1.29 9%  $3040 $1.50 5% $32.80 $1.64 2% $34.40 $1.73 2%
Euro4 Reg $33.88 $1.29 9%  $3040 $150 5% $32.80 $1.64 2% $34.40 $1.73 2%
Euro4 Prm $35.68 $1.29 9%  $32.20 $1.50 5% $34.72 $1.64 2% $36.40 $1.73 2%
Euro5 Reg $34.28 $1.29 9% $30.80 $1.50 5% $33.20 $1.64 2% $34.80 $1.73 2%
Euro5 Prm $36.08 $1.29 9%  $33.00 $1.50 5% $35.28 $1.64 2% $36.80 $1.73 2%
Keroljet Fuel $34.25 $1.28 9%  $29.90 $1.48 9%  $32.60 $1.63 2% $34.40 $1.72 2%
Diesel 0.2%S $33.50 $1.31 6% $29.15 $152 6% $31.91 $1.66 2% $33.75 $1.76 2%

2%
2%
2%
2%
2%
2%

2%
2%

Note: Import duties are assumed to be reduced to 2% by 2008 by China entry into WTO

3.2.4. Capital Costs

One of the primary hypotheses of the current project is that China srefinery technology
in-place will not be sufficient to aggressvely reformulate gasoline and diesdl to EURO
dandards. As such, anumber of refinery expanson and upgrade investments have been
meade dready, with projects scheduled to be operationd by 2005 to produce EURO 2 fu-
ds Moving beyond this, however, will require additionda investment by Chinese refin-
ers. The CHREF2 modd incorporates vectors that alow capitd expansion of the various
types of refinery units. When the modd is confronted with new, dricter specificationsin
each scenaio, it must choose how much of eadch type of capacity to build in order to
comply with the requirements. The investments are made according to capita cosspro-
vided by CPCC and Trans-Energy Research Associates. These codts by unit type are pre-
sentedin Table 13. These cods reflect equipment costs only and do no indude offstes
(utilities, Storage, pipdines), labor, land acquisition charges, loan interest, taxes, and

other related cogts. Depending on the project, these other costs could raise total costs by
an additiond 25% to 50% or more.




Table 13

China Forecast Onsite Refinery Investment Costs

Capacity Capacity Cost Cost

10 K tonnes kb/d 10 KRMB MnUS$
Sour Crude Unit (CDU) 90.0 $ 36.00
Vacuum distillation (VDU) 55.0 $ 25.00
Gasoline-related Investments:
Cat Reforming (CCR)* 80 18.6 35000 $ 42.27
Cat Reforming (REF)* 60 14.0 27000 $ 32.61
C5/C6 Isom 6.0 $ 10.00
HF Alky 7.0 $ 24.00
Hydrotreating:
Naphtha HDS 25.0 $ 9.40
Kero HDS 80 17.1 8000 $ 9.66
Diesel HDS 80 16.2 18100 $ 21.86
VGO HDS 80 15.8 29000 $ 35.02
Resid HDS 200 36.2 150000 $ 181.16
H2, steam reforming, 10 K NM/hr 2 11000 $ 13.29
mmcf/d 70.6
Cracking:
Visbreaking 25.0 $ 19.00
Delayed Coking 100 18.1 28500 $ 34.42
FCC 30.0 $ 50.00
RFCC 140 25.3 40000 $ 48.31
VGO HDC, Mid pressure 150 29.6 50000 $ 60.39
VGO HDC, high pressure 140 27.6 56000 $ 67.63
Miscellaneous:
Lubes HT 30 5.8 56800 $ 68.60
Asphalt 40 7.1 13200 $ 15.94

* Including Naph HDS

Note: capacities in tonnes and costs in RMB provided by CPCC, others are Trans-Energy Research

3.2.5. Transport Costs

Transport codts are detailed in the above sections on crude and product prices. Adding a
trangport cost to acommodity isaway of reflecting the geography of the market. In gen-
erd, the more digtant the externa market, the higher the per-barrel trangport cost. This
“trangport pendty” a0 reduces the likdlihood of the modd rdying overmuch on intema-
tiond marketsto satisfy Chinese domestic demand and to absorb excess production. Al-
though Chinais an active product trader and dso both imports and exports crude ails, the
main emphads of the indudtry is to meet domestic demand, not to serve as an entrepd
refining center. Adding trangport cogsin the modd is not only amore redistic represen-
tation of the market, it dso iminates any potertid for the modd to massvey expand
domestic refining in order to serve as an export refiner. Since trade is not free, the modd



imports only those products it finds uneconomica to produce, and exports only those
products that truly are surplus to domestic requirements.

The mode dso incorporates atwo-tier trangport cost structure that discourages the model
from relying too extensvely on imports to meet demand. In the modd, a specific volume
of on-gpec EURO qudity fuel is assumed to be available in the local market a areasat
able trangport cost. However, the second tier of importsis assumed to cost subgtantialy
more, Snceit is assumed that the country would have to source product from more dis-
tant sourcesif it became a serious importer of EURO spec fuels. The twaotier transport
cogts gpply only to the main liquid fuels, and not to commodity imports such as LPG and
naphtha.

3.2.6. How to Read and Interpret the Results: Issues to Keep in Mind

Before summarizing the modd results, it isimportant to summarize a number of assump-
tions and conventions used in developing the modd to help put the results in the proper
context.

The estimated equipment costs of current refinery expangon plansto 2005 are in+
cluded in the cogt cd culations concerning gasoline and diesd upgrading and sulfur
removd (see, for example, Table 25, p. 64). However, the tables concerning the ca-
pacity of rew units constructed for each scenario exclude these unit capacities. The
unit expangion plans represented in Table 24 (p. 60) reflect additional congtruction
beyond what is already likdly to take place by 2005.

The cost basis for caculation of each of the scenario results includes equipment costs
only. It does not incdlude offgtes (Utilities, storage, pipdines), labor, land acquistion
charges, loan interest, taxes, and other related cogts. Depending on the project, these
other cogts could raise tota cogts by an additiond 25% to 50% or more, and thusraise
the cents/gdlon edimate of increasing gasoline and diesdl qudity.

Themodd isa“snge-sysem” modd of Chind s refineries that treats the existing 50
to 60 individud refineries as one unit. Thisdlowsfor certain efficienciesin interme-
diate stream-swapping, for example, a aleve that does not occur in a geographicaly
dispersed industry such as Chind s (but is quite gpparent in a concentrated system
such as on the US Gulf Coagt). This may result in understatement of the number of
new units that need to be built and the totd cogts.

The diesd poal in focus hereis not the total diesdl pooal, but the volume estimated to
be usad in vehides for trangportation purposes. See Section 1.1.5(p. 9 for afull dis-
cusson of the adjusments made to estimate trangportation diesdl demand. If the e+
tire pool of diesd were required to be upgraded to the new specifications, the costs
were undoubtedly be much higher ill. All gasoline, however, is subject to the new
specifications.

The gandard measurement unit used in the ail industry in Chinalis metric ton, or
tonne, with prices in Chinese RMB yuan per tonne. Internationdly, however, barrds-
per-day expressed in US dallarsisthe norm. As the Chinese unit isin weight terms,
and the internationa norm isin volume terms, thereis not asingle conversion factor
to go from one to the other, as each product has a different specific gravity. The con-
version factorsfor the main products are shown in Table 14. Asthe CHREF2 modd



used in this study was developed and extended from ones used dsewhere internation-
dly, usng Chinese data, it too adopts the common international volume unit. The
background materid in this report, however, retains the use of Chind s standard units,
but the discusson of the modd and mode results are expressed in volume and US
dollar terms (essuming RMBY¥ 82=US%$1).

Table 14 Unit Conversion Factors Used in China Refining Study

One million tomes eguds this many mil- and this many ki/d
of: lion barres

Crude ail 7.30 200

LPG 1160 318
Naphtha 850 233
Gesoline 853 234
Kerosne 1.74 21.2
Diexd 746 204

Fud Ol 6.66 18.2

3.3. Model Results

3.3.1. Baseline Calibration

The CHREF2 modd was cdibrated on year 1999-2000 data on refinery crude inputs, re-
finery unit capadities and yied patterns, product qudity, product trade, and product de-
mand. Cdibration exercises are essentially a back-and-forth iterative process, where the
mode isrun with arepresentation of actud inputs with actud refinery unit capacities,
targeting higtorical demand at agiven set of properties. Coefficients are modified until
the modd results are reasonably consstent with historical patterns. A “perfect fit” isnat
thegod. The principa objectiveisto creste a sound andyticad tool for measuring the
impacts of changing fud qudity spedifications. Condraining the modd so severdy that

it is essentidly forced to match past yearsis not adesired outcome, and in many ways it
might not even be possble. Modds rarely cdibrate perfectly for avariety of reasons

The crude date and the crude prices are an gpproximetion, with “types’ of crudes ag-
gregated to smplify the modding.

Themodd isrun on an average annud bas's, with no accounting for seesondity (eg.,
such factors as seasond heating fue imports in winter, or greater output of agricu-
turd fuds during the planting or harvesting seasons, or greeter imports of jet fuel dur-
ing tourigt season, and so forth.)

The prices are annud averages as well, whereas actua markets may have grest vola-
tility that Stimulates purchases a low prices and exports at high prices.

The mode tests Chinaas asingle large refining system, which dso assumes that de-
meand across the country can be met from the same systlem. In redlity, China' s geog-
raphy dictates that southern provinces and the Hong Kong SAR import fud, while re-
fining centersto the north may export fuel. The modd therefore caculates net trade
only, without capturing in-and-out trade of the same product types.



The modd runsin a profit-maximization framework, and actud market conditions are
at timesinfluenced by socid and political congderations.

One of the findings during the cdibration runs was that the mode found some of the
catalytic cracking units largely uneconomica to operate. In the modd’ s profit-
maximization framewark, it made little sense to run these units to diminate diesd im-
ports and to increase gasoline exports. The gasoline exports would have to be quite I
crive, and recent history has shown that they were not. Asaisnow anet exporter of
gasoline, a stuation that weskens gasoline prices. Therefore, the modd Smulations of
2000 ran the RCC units a low utilizetion rates. The result was that the modd cregted a
lower yield of light products and a higher yidd of fud oil—thet is, some of the fud ail
that was catdyticaly cracked in the year 2000 and converted to light products such as
gasoline was not cracked at dl inthemodd. The modd results therefore diverge from
what were gpparent historic actua vaues, but this merdly indicated the modd’ sinterpre-
tation of economic benefits and was not consdered atechnica or mathematicd flaw in
the modd.



Table 15

Model Calibration: CHREF2 Model Output vs. Historical Data

2000 Inferred Petroleum Product Balance

(‘000 barrels/day)
Production __Imports __ Exports Demand
LPG 331.0 153.1 72.8 457.6
Naphtha/BTX 426.4 2.9 16.0 419.2
Gasoline 928.5 - 106.4 822.1
Kerosene 146.7 47.8 37.6 156.9
Diesel 1,365.2 5.3 11.3 1,359.2
Fuel Oil 424.8 259.6 5.6 678.8
Other: 190.8 28.1 27.6 191.3
Asphalt 78.1 24.8 2.8 100.1
Lubes 64.6 2.6 1.0 66.2
Coke 48.1 0.7 23.8 25.0
total 3,813.4 496.8 277.3 4,085.1

2000 CHREF2 Model Output Petroleum Product Balance

('000 barrels/day)
Production __Imports __ Exports Demand
LPG 271.5 186.1 457.6
Naphtha/BTX 366.7 52.5 419.2
Gasoline 854.4 32.3 822.1
Kerosene 156.9 156.9
Diesel 1,359.2 1,359.2
Fuel Qil 492.7 186.1 678.8
Other: 206.0 6.4 21.1 191.3
Asphalt 100.1 100.1
Lubes 59.8 6.4 66.2
Coke 46.1 21.1 25.0
total 3,707.4 431.1 53.4 4,085.1

Note: coke demand was estimated at 25 kb/d

Table 15 presents the apparent 2000 petroleum product balance, comparing derived refin-
ery output with demand, with imports and exports baancing supply and demand.  Juxta-
posed againg thisis the modd’s output petroleum product balance. As noted, model
output of light products was lower than apparent actud values, in part a leest because the
modd did not choose to maximize cracking and gasoline exports. The modd’ stotd out-
put is aso lower then gpparent actud output, indicating perhaps that crude runs were
higher than thought, or perhaps that there were some non-crude feedstocks entering the
system (such as cracker feedstock, or catalytic reformer feedstock.) Both of these seem
like reesonable explandtions. Fird, crude runs may actudly have been abit higher than
thought because China had been trying to shut down some smdll, inefficient refineriesin
recent years, and some of these may gtill have been running crudein 2000. Second, the
close integration of certain refineries with the petrochemica sector may have promoted



some back-and-forth of feeds, particularly naphtha-range materia for aromeatics produc-
tion or miscdlaneous hydrocarbons for ethylene production. Findly, the modd chooses
which fud to use for refinery operations themsdves, and the modd may burn fuelgas,
LPG, naphtha, or fue il for this purpose. 1t may dso purchase fud from outsde the re-
finery system. Inredity, an isolated refinery may have limited sources of fud, but ina
sngle-refinery modd, the fuel choices are more varied.

Those cavests asde, we found a reasonably good fit between the mode output and the
measured year 2000 balance. The modd exports some gasoline and petroleum coke, and
imports manly LPG, fud ail, and ngphtha, dong with asmal amount of lubricating oil.

A better fit could be achieved through forcing more crude through the system and manu-
dly rasing cat cracker utilization rates until gasoline exports reached the 106 kl/d re-
corded in 2000, versus the 32 kl/d the mode exported, but adding such cangtraints would
meake little sense for our scenario andysis of 2005, 2008 and 2010. Directiondly, the
moded results match history, and we concluded that the modd was agood tool for andy-
gsof future scenarios. In the future scenarios, qudity specifications and demand by type
are the only variables modified, and the god is to identify how the sysem reects to these
changes done. Accordingly, the mode results are more comparative than absolute; that
is, we are more concerned with the relative changes in the modd solution sets wrought by
the changesin gasoline and diesd qudity than we are with the absolute values in the -
lution sets.

3.3.2. Demand by Scenario

The modding work analyzed ten scenarios, with the year 2000 serving as Scenario 1 for
basdine purposes. Scenarios 2 through 5 apply to the year 2005, Scenario 6 focuseson
2008, and Scenarios 7 through 10 are for the year 2010. As noted, the scenarios are de-
fined by gasoline and diesd demand by varying EURO grade. Six of the scenarios are
combinations of fud types, whereit is assumed that the mgor metropolitan areas adopt
sricter sandards ahead of the more rurd areas of the country. Table 16 provides a ce-
talled look a product demand by grade for the scenarios. These scenarios and the modd
results on gasoline and diesdl blending pools are discussed in the section following.



Table 16

Chinese Product Demand, kbpd, with breakdown of grades by scenario

Per cent of demand:

Euro2 100% 65% 0% 65% 0% 0% 0% 0% 0%
Euro3 0% 35% 100% 0% 85% 100% 85% 60% 85%
Euro4 0% 0% 0% 35% 15% 0% 15% 40% 0%
Euro5 0% 0% 0% 0% 0% 0% 0% 0% 15%
scenl scen2 scen 3 scen 4 scen 5 scen 6 scen 7 scen 8 scen 9 scen 10
Base Base
05EURO2 05EURO2&3 05EURO3 05EURO28&4 08EURO3&4 10EURO3 10EURO3&4 10EURO3&4 10EURO3&5
1999 2000 2005 2005 2005 2005 2008 2010 2010 2010 2010
Gasoline 798.8 822.1 997.9 997.9 997.9 997.9 1,077.5 1,134.1 1,134.1 1,134.1 1,134.1
GE2.R 683.7 690.5 828.2 538.4 - 538.4 - - - - -
GE2.P 115.0 1315 169.6 110.3 - 110.3 - - - - -
GE3.R 289.9 828.2 - 760.2 941.3 800.1 564.8 800.1
GE3.P 59.4 169.6 - 155.7 192.8 163.9 115.7 163.9
GE4.R - - 289.9 134.2 - 141.2 376.5 -
GE4.P - - 59.4 275 - 289 77.1 -
GE5.R - - - - 141.2
GE5.P - - - - - - - 28.9
Kero/Jet 146.3 156.9 207.8 207.8 207.8 207.8 240.6 265.1 265.1 265.1 265.1
Diesel 1,267.2 1,359.2 1,725.0 1,725.0 1,725.0 1,725.0 1,959.4 2,135.8 2,135.8 2,135.8 2,135.8
DE2 532.2 397.6 819.4 532.6 - 532.6 - - - - -
DE3 - 286.8 819.4 - 836.6 1,110.6 944.0 666.4 944.0
DE4 - - 286.8 147.6 - 166.6 444.2 -
DES - - - - - - - - 166.6
IDO 764.5 777.6 905.6 905.6 905.6 905.6 975.3 1,025.2 1,025.2 1,025.2 1,025.2
Fuel Oil 655.1 678.8 715.3 715.3 715.3 715.3 734.8 748.1 748.1 748.1 748.1
LPG 416.3 457.6 794.5 794.5 794.5 794.5 972.3 1,112.3 1,112.3 1,112.3 1,112.3
Asphalt 811 100.1 120.8 120.8 120.8 120.8 130.9 138.1 138.1 138.1 138.1
Naphtha 390.1 419.2 815.1 815.1 815.1 815.1 972.8 1,094.5 1,094.5 1,094.5 1,094.5
Lubes 63.3 66.2 75.8 75.8 75.8 75.8 85.7 93.0 93.0 93.0 93.0
Total 3,818.1 4,060.0 5,452.1 5,452.1 5,452.1 5452.1 6,174.0 6,721.0 6,721.0 6,721.0 6,721.0

The naming conventionsin the table are smplified, with“ GE2ZR’  dgnifying gesdling,
EUROZ, Regular grade, “GE3.P’ dencting gasolineg, EURO3, Premium grade, “DE4”
sgnifying diesel, EURO4, and so forth. Gasoline and diesd shares and types change by
scenaio, while demand for other products such as fud ail, LPG and naphtha remain con-
dant. Gasoline demand growth rates are somewhat modest, with a fraction of demand
growth assumed to shift to L PG, where growth rates are forecast a 7% per year from
2005 through 2010.

3.3.3. Scenario 1: 2000 Base Case
The year 2000 base case gasoline and diesd blending poals correspond with the cdibra-
tion find run discussed above. The gasoline and diesd blending pools are fairly smple,
asthefollowing Figure 2 and Fgure 3illustrate. A summary table of these numbers by
fue and scenario appears a the end of this section (Table 17).




Figure2

2000 Baseline Gasoline Pool
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2000 Baseline Pool, ADO
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Gasoline was compaosed primarily of catayticaly cracked naphtha (also known as cat
naphtha or FCC naphtha,) with reformate, butanes, dkylate and other miscdlaneous



dreams. Automotive diese was mainly straight-run middle didtillates, indicating that the
0.02% sufur sandard in place was not terribly binding; the refinery system had enough
Sraight-run materid from low-sulfur crudes that it did not require much by way of hy-
drotreating and hydrocracking. The following figures compare gasoline and diesdl blend-

ing pools by scenario, showing how specification changes may prompt changesin prad-
uct blending.

3.3.4. Scenario 2: 2005, EURO2 standards (Base Case)

The fallowing two figures digolay the gasoline and diesd blending pools used to creste
EURO2 gandard gasoline and diesd for Chinese demand in 2005. EURO isthe Base
Case.

Figure4

2005 Gasoline Pool, Scenario 2: EURO2
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Figure5

2005 ADO Pool, Scenario 2: EURO2
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3.3.5. Scenario 3: 2005, EURO2 65% and EURO3 35%
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The following two charts show the blending pools used to create gasoline and diesd ut+

der scenario 3, 65% EURO2 fud and 35% EUROS fud.



Figure 6

2005 Gasoline Pool, Scenario 3: EURO2 + 15% EURO3
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Figure7

2005 ADO Pool, Scenario 3: EURO2 + 15% EURO3

01% 8:9% 16.0%

9.4% 0 SR Dist

0 DS Dist
BHDC Dist
HDC Ker
OHIDSLCO
B SR Ker
BDs Ker

0 SW Dist

31.4%

1.0% 29.2%
4.0%

3.3.6. Scenario 4: 2005, EURO3 standards, all China

The fallowing two charts display the blending pools used to cregte gasoline and diesd
under Scenario 4, EURO3 standards country wide in 2005.



Figure8

2005 Gasoline Pool, Scenario 4: EURO3
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Figure9

2005 ADO Pool, Scenario 4
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3.3.7. Scenario 5: 2005, EURO2 65% and EURO4 35%

Thefallowing figures digolay blending pools for gasoline and diesd under Scenario 5,
65% EURO 2 fuds and 35% EURO4 fuds.



Figure 10

2005 Gasoline Pool, Scenario 5: EURO2 + 35% EURO4
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Figure 11

2005 ADO Pool, Scenario 5: EURO2 + 35% EURO4
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3.3.8. Scenario 6: 2008, EURO3 85% and EURO4 15%

Thefallowing charts show blending pools for the 2008 Scenario 6, 85% EURO3 fuds
and 15% EUROA4 fuds.



Figure 12

2008 Gasoline Pool, Scenario 6: EURO3 + 15% EURO4

11.5% 12.1%

46.8%

8.9%

Figure 13

2008 ADO Pool, Scenario 6: EURO3 + 15% EURO4
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3.3.9. Scenario 7: 2010, EURO3 standards (Base Case)

The following charts present Scenario 7 gasoline and diesdl blending pools, EURO3 fuds

countrywide in 2010



Figure 14

2010 Gasoline Pool, Scenario 7: EURO3
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2010 ADO Pool, Scenario 7: EURO3
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3.3.10. Scenario 8: 2010, EURO3 85% and EURO4 15%

The figures below present the gasdine and diesdl blending pools for Scenario 8, 85%
EURQO3 and 15% EUROA4 fuels.
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2010 Gasoline Pool, Scenario 8: EURO3 + 15% EURO4
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2010 ADO Pool, Scenario 8: EURO3 + 15% EURO4
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3.3.11. Scenario 9: 2010, EURO3 60% and EURO4 40%

Gasoline and diesdl blending pools for Scenario 9 appear in the figures below, 60%
EURO3fuds and 40% EURO4 fuels.
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2010 Gasoline Pool, Scenario 9: EURO3 + 40% EURO4
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2010 ADO Pool, Scenario 9: EURO3 + 40% EURO4

9.6% 1.5%

18.6%

0
0.4% 5.9%

0 SR Dist
ODsS Dist
B HDC Dist
EHDC Ker
OHIDSLCO
B SR Ker
apsKer

O SWw Dist

15.1% 40.6%

3.3.12. Scenario 10: 2010, EURO3 85% and EURO5 15%

The figures bdow show gasoline and diesdl blending pools for Scenario 10, 85% EURO3
fuds plus 15% EUROS fues.
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Table 17 . Summary of Blend Pool by Fuel and Scenario

(% of total finished product pool)

GASOLINE BLENDING POOLS

2005 2005 2005 2005 2008 2010 2010 2010 2010

Scenario Scenario Scenario Scenario  Scenario  Scenario  Scenario  Scenario  Scenario

2 3 4 5 6 7 8 9 10
Alkylate 0.1% 3.9% 13.1% 5.3% 12.1% 5.8% 6.0% 6.2% 6.0%
Butanes 4.6% 3.8% 2.4% 3.4% 2.1% 1.8% 1.6% 1.3% 1.6%
FCC Nap 62.2% 57.3% 49.1% 56.5% 46.8% 50.8% 50.8% 50.9% 50.8%
HDC Nap 0.0% 5.1% 8.8% 5.6% 8.9% 9.7% 9.7% 9.7% 9.7%
TH Nap 2.7% 2.7% 2.4% 2.6% 2.6% 2.4% 2.4% 2.4% 2.4%
Isom 0.0% 0.3% 10.4% 0.3% 13.4% 13.3% 13.3% 13.3% 13.3%
MTBE 2.8% 2.8% 2.8% 2.8% 2.6% 5.7% 5.7% 5.8% 5.7%
Refarmate 27.5% 24.0% 10.9% 23.5% 11.5% 10.4% 10.4% 10.4% 10.4%
Aromatics 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
DIESEL BLENDING POOLS

2005 2005 2005 2005 2008 2010 2010 2010 2010

Scenario Scenario Scenario Scenario Scenario  Scenario  Scenario  Scenario  Scenario

2 3 4 5 6 7 8 9 10
SR Dist 16.0% 16.0% 16.0% 16.3% 22.2% 18.4% 18.6% 18.6% 10.7%
DS Dist 10.8% 9.4% 4.6% 8.9% 1.9% 5.5% 6.3% 5.9% 5.1%
HDC Dist 26.0% 29.2% 34.0% 29.6% 36.2% 40.6% 40.6% 40.6% 40.6%
HDC Ker 0.5% 4.0% 2.8% 4.8% 5.0% 14.6% 15.1% 15.1% 6.9%
HIDS LCO 1.0% 1.0% 0.2% 1.0% 0.0% 0.0% 1.3% 0.4% 1.3%
HIDS Ker 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.3%
SR Ker 36.8% 31.4% 33.3% 26.1% 27.9% 15.2% 9.5% 8.4% 24.3%
DS Ker 0.0% 0.1% 0.3% 4.4% 5.0% 4.2% 7.1% 9.6% 2.4%
SW Dist 8.9% 8.9% 8.9% 8.9% 2.0% 1.5% 1.5% 1.5% 0.9%
DS SW Dist 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 6.4%
Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Note: These blending pools are CHREF2 model solution sets and should not be taken as exact "recipes" for reformulated fuels.

Blendstock properties will vary.

3.3.13. Reformulating Gasoline and Diesel: Blendstocks and
Quality Tradeoffs

We have identified how the Chinese gasoline and diesd blending pools change under the
various scenarios. Now we must define the main types of blendstocks and how they re-
late to the key qudity specificationsin the scenarios of 2005-2010. For gasdine, there
are many qudity condraints, incuding octane, RVP (Reid vapor pressure) olefins, bern+
zene, aomdics, sulfur, and didillaion properties. Blending is a complex operaion, with
any number of condraintsto be met Smultaneoudy. The LP model conducts the blerd-
ing inits profit-maximization framework. For example, in terms of gasoline blending,
dkylate isthe only mgor blendstock thet Smultaneoudy meetsdl qudity congrants,

but it would be prohibitively expensve to use akylate as the primary blendstock, since
ca cracked ngphtha and reformeate are far more prevaent in China. This materid would
have to be exported—an inefficient solution. The mode! therefore decides how inten-
svdy to run al units, blends dl available streams until quaity congraints are met, and



when additiond dkylate is required and is cost-effective, the mode builds more dkyla
tion capecity. MTBE, asthe table shows, satidfies dl congraints except for RVP. MTBE
aso is expensve, however, so the modd purchases and blends it only when needed to
raise pool octane and dilute the levels of aromatics, olefins and benzene. The modd of f-
sets MTBE sdightly higher voldility by blending low-RVP components such as aky-

late, reformate, and heavy FCC naphthaTable 18 presents alisting of quality tradeoffs for
key gasoline blendstocks.

Table 18

Quality Tradeoffs for Key Gasoline Blendstocks

[>89.5 (R+M)/2] [<7 RVP] [<14 vol %] [< 1 vol %] [< 35 vol %]

High Octane? Low RVP? Low Olefins? Low Benzene? Low Aromatics?
Butanes YES NO YES YES YES
Alkylate YES YES YES YES YES
Isopentane YES NO YES YES YES
C6 Isomerate NO YES YES YES YES
Lt FCC Naphtha YES NO NO NO YES
HV FCC Naphtha NO YES (Varies) YES NO
Reformate YES YES YES NO NO
HDC Naphtha NO NO YES YES YES
Thermal Naphtha (Varies) (Varies) NO (Varies) YES
MTBE YES NO YES YES YES
LSR Gasoline NO (Varies) YES YES YES

Notes: LSR=light straight run, HDC=hydrocracked, FCC=cat cracked

Diesdl blending is Smpler than gasoline blending, though there are many possible blend
gdocks. The main criteria varying in the scenarios are cetane and sulfur, and to alesser
extent arométics, dendty and ditillation (generic specifications such as flash point do not
vary by scenario and are not discussed here.) In Ching, the main contributors to the fin-
ished automotive diesd pool have been straight-run gasoils and kerosenes, much of
which comes from naturdly low-sulfur crude. As sulfur sandards grow tighter, however,
even low-sulfur middle didtillates may not comply with the sandards. For example,
graight-run diesd from Chinese Daging crudeis lower in sulfur than current Sandards
require, but it exceeds the 150-ppm sulfur maximum standard specified by EURO3, s0
this key blendstock in the current diesel pool will eventualy require further trestment.
For essentidly any middle didtillate, however, intensve hydrotregting will improve qua-
ity and theoreticaly can reduce sulfur levelsto near zero. Table 19 compares qudity
tradeoffs for afew key diesd blendstocks. For most conventiond hydrotreaters, the sul-
fur content in the trested diesdl isafunction of the sulfur level of thefeed. Therefore, an
extremey high-sulfur straight-run diesdl may ill violate sulfur congraints even after
hydrotregting. High-intengty hydrotreeting is more codly, but it removes alarger per-
centage of the feed sulfur. Hydro-dearomatization is an extremdy intensive process thet
not only can reduce sulfur levelsto zero, it dso saturates aromatics and hugely improves
cetane numbers. Therefore, HDS, HIDS, and HDA middle didillates vary by qudlity.



Hydrocracking produces the mogt uniformly high-qudity diesdl (and keroseneljet fud)
blendstocks Thisisthe only converson process deve oped to maximize output of high-
qudity middle didtillates; coking and cataytic cracking can produce diesd-range mate-
rid, but its qudity is generdly poor. Light cycle ailsfrom cat cracking and thermd
gasoils from coking and other therma processes typicaly must be hydrotrested before
blending into high-qudity automative diesals or dsethey must be blended down into
indudtrid or railroad diesd pools.

Table 19
Quality Tradeoffs for Key Diesel Blendstocks

[>50 Cetane] [<0.05wt %] [< 0.005 wt %] [< 20 vol %]
High Cetane? Low Sulfur? Ultra-Low Sulfur? Low Aromatics?

HDC Diesel YES YES YES YES
Lt. Cycle Qils NO NO NO NO
Thermal Diesel NO NO NO NO
SR Diesel--Arab Lt YES NO NO NO
SR Diesel--Tapis YES YES NO YES
SR Diesel--Daging YES YES NO YES
SR Diesel--Cabinda YES YES NO YES
HDS Diesel YES YES (varies) (varies)
HIDS Diesel YES YES (usually) (usually)
HDA Diesel YES YES YES YES

Note: HDC=hydrocracked, SR=Straight run, HDS=hydrodesulfurized,
HIDS=high-intensity hydrodesulfurized, HDA=hydrodearomatized

3.3.14. Comparison of Blending Pools
The changes in Chinese gasoline and diesdl qudity specifications have been shown to
have an impact on the types of blendstocks used in creating finished products. Gasoline
blending pools have shown more variability than diesd poolsin generd, because there
are more types of blendstocks used and alonger list of qudity criteria In this section,
our objective is to explore some of the key trends in product blending and to identify the
types of blending tradeoffs Chinese refiners may have to make in the future. While the
scenarios are nat grictly comparable from 2000 to 2005, 2008 and 2010 (becauise many
other factors vary, such as demand levels, prices, and crude production,) the percentage
trends in key gasoline and diesd blendstocks il areilludrative. A few key examples
follow.

Firg, we have noted that butanes are highly volatile, though they tend to be used in gaso-
line blending for severd reasons. they are inexpensive, very high octane, and free of
regulated hydrocarbons such as benzene, arométics, and olefins. We dso noted that
MTBE is a desrable gasdine blendstock in al aress except that its RVP is dightly high.



EURO 3 gasoline has adightly tighter RV P congraint than EURO 2 gasoline (8.7 pd vs
9.0 pd,) and EURO 4 gasoline tightens RVP again to 7.98 RVP. We might hypothesize,
therefore, that the switch to EURO 4 (and 5) gasoline would reduce the use of butanesin
gasoline. Fgure 22 illudtrates that this was indeed a CHREF2 modd result. Asthefigure
shows, in the year 2000, butanes accounted for over 6% of the gasoline poal, but this
level fell to around 34% in the 2005 scenarios and fell to below 2% in the scenarios of
2010. The RVP condraint isthe main determinant of butane use, and as noted MTBE
adso hasadightly high RVP. But as gasoline becomes more grictly reformulated, MTBE
usein the moded dso rose—offset in part by the reduction in butane use. In the 2000-
2008 scenarios, MTBE accounted for less than 3% of the gasoline poal. By the 2010
scenarios, however, MTBE' s contribution to the gasoline poodl roseto nearly 6%. This
level of usage was cd culated as cost-effective by the mode in the aasence of an oxygen
requirement; thet is, while some gasoline reformul ations require an oxygenate such as
MTBE, the EURO standards do not adopt aminimum. They do st a maximum of 2.7%
oxygen by weight. The MTBE was purchased by the modd solely for its other proper-
ties Because MTBE isrddivey expensve, the willingness of the modd to purchase the
blendstock isindicative of a certain difficulty in producing EURO 3, 4, and 5 spec gaso-
line

The EURO 3 gasoline standards dso sat maximum olefins levels of 18% by volume, an
aromatics maximum of 42% by volume, and a maximum benzene content of 1.0% by
volume. EURO 4 further reduces olefins to 14% and aromatics to 35% maximum. As
the tables on qudity tradeoffs noted, reformate and catalytically cracked naphthas are the
main source of aromatics and benzene in gasoline. FCC naphthas and coker naphthas are
the main source of odlefins. We would expect the model to reduce the volumes of refa-
mate and FCC naphtha blended by the time EURO 3 standards are adopted, and to reduce
them again when EURO 4 and 5 specifications are adopted. Once again, the modd re-
aults verify the expectation. As FHgure 23 shows, FCC ngphtha contributed 63% to the
gasoline poal in 2000, and Hill accounted for 62% of the pool under EURO 2 sandards.
AsEURO 3 and EURO 4 were phased in, however, the share of FCC naphthafdl to
around 57%, and fdl aslow as 49% in the dl-EURO 3 scenario. By the 2008-2010 sce-
narios, FCC ngphtha blending has fdlen to around 47-51% of the pooal.



Figure 22

Trends in Chinese Gasoline Pool by Scenario: Butane Use Falls Sharply as RVP is Reduced,
MTBE Use Tends to Rise
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Figure 23
Trend in Chinese Gasoline Blending by Scenario: Alkylate/lsomers and MTBE tend to Replace
Volumes of Reformate and FCC Naphtha
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Reformate blending aso fdl as benzene and aromatics Sandards were tightened in the
modd. As the figure shows, in the 2000 and 2005 EURO 2 cases, reformate accounted
for 20-27% of the gasoline pool, yet this sharefdl to just 11% in the dl-EURO 3 sce-
nario and fell again to 10.4% in the 2010 scenarios.

With areduced rdliance on the traditiona blendstocks (butanes, FCC naphtha, and refor-
mate) the lost volume of gasoline had to be retored. In the modd, MTBE replaced a
amdl pat only of the lost volume. Asthe figure shows, there was mgor growth in the
use of akylate and isomerate. Alkylate and isomers contributed less than 4% to the gaso-
line poal in 2000, yet this share grew to 24-25% in some of the 2005-2008 scenarios. By
2010, the share was around 19%, with some of the remainder replaced by additiond
MTBE.

Diesd blending has been ardatively uncomplicated process in Ching, in part because
domedtic crudes easily meet the sulfur gandard of 0.2% by weight (2000 ppm.) Yet
EURO 2 standards reduce sulfur levelsto 500 ppm, EURO 3 standards reduce levelsto
350 ppm, EURO 4 gandards adopt a gtrict 50 ppm standard, and EURO 5 standards
move the maximum dlowable sulfur level down to the very difficult 10 ppm levd. Even
alow-sulfur crude date cannot satisfy these requirements. We expected therefore that the
modd would reduce the blending of straight-run middle didtillates into the finished diesd
pool. Fgure 24 presents the trend in diesdl blending. Straight run materid accounted for
nearly 90% of the diesd poal in 2000, with this share faling to 51-62% in the 2005-2008
scenarios and just 28-36% in the 2010 scenarios. These volumes were replaced primarily
by hydrocracked middle didtillates, with hydrotrested materid aso growing in impor-
tance. Hydrocracked middle didtillates accounted for around 10% of the automotive die-
s poal in 2000, 27-37% in the 2005 scenarios, 41% in the 2008 scenario, and in the
range of 48% to 56% in the scenarios of 2010. Hydro-desulfurized and high-intengty
hydro-desulfurized materiad accounted for 5-14% of the poal in the 2006-2008 scenarios,
with this share growing to 10-17% in the 2010 scenarios. In the near term, it may be pos-
sble to expand the role of draight run middle didtillates in the totd poal viajudicious
sdection of the crude date. By increasing the purchase of crudes with exceptiondly low-
sulfur middle ditillates, Chinese refiners could postpone the need for capita invest-
ment—mbut this option would not serve as a permanent solution.  In the longer term, even
low-sulfur crudes will require hydrodesulfurization if the country movesto EURO 4 and
EURO 5 gandards. Middle didillate sulfur levels of 10-50 ppm are next to impossible to
achieve without some sort of sulfur remova treatment.



Figure 24

Trends in Chinese Diesel Pool by Scenario: Hydrocracked and Hydrodesulfurized Material
Replace Straight-Run Middle Distillates
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3.3.15. Comparison of Crude Slates

Asnoted, the Chinese crude dateislow in sulfur on average, and domestic crudes are of
generdly good quaity. Domegtic output, however, islimited, and is not expected to be
adequate to meet Chinese demand in the future. Already the country imports crude all,
and imports of high-sulfur Middle Eastern crudes are forecast to riss—Middle Eagtern
crudes are Imply too dominant in the internationad marketplace. Asdiscussed abovein
the section on pricing, in the mode we make an array of crudes available for purchase,
with given prices market availabilities, and trangport costs. The modd then makesthe
crude purchase decison. While grategicdly it will be possble for Chinese refinersto
postpone certain sour -crude related investments by purchasing a higher qudity crude
dae, the modd in fact did not sdlect this option, choosing insteed to minimize crude pur-
chase cogts and build the necessary sulfur remova technologies. There are evenindica
tions that the modd could have gone further with this type of activity, purchasng even
heavier, sourer crudesiif the price was low enough.

The ChinaModd has representations of sixteen crude types ranging from high-sulfur,
light and heavy Middle Eagtern crude, to low-sulfur African, European and Asan crudes,
to Chinese domestic crudes and one condensate. While the crudes are given specific
names, they may be viewed as crude “types,” thetis “Arab Light” crude may be repre-
sentative of Arab Light crude plus other smilar Middle Eagtern light sour crudes. Crudes
such as these are abundant in supply, and they typicaly serve as“swing” crudes, pur-
chasad to meet the incremental demand remaining after domestic or proxima resources



have been dlocated. They may be assumed to be available in unlimited quantities, given
practica condraints; i.e, Chinacould theoreticdly purchase, say, five million barrds per
day of swing crudes, but local demand would not warrant such aleve, and the modedl
never atempted to purchase abnormaly high levels of crude.

Comparing totd refinery capacity againgt actua crude runs, it can be seen that Chind's
crude refinery utilization has actudly been quite low—typicaly 75%-80% in recent
years. Crude runswere around 3.7 million bpd in 2000, versus a nameplate crude capac-
ity of around 5.5 mmbpd. As demand grows, however, utilization rates begin to dimb in
the moddl smulaions. The Mode crude daeis detailed in the Figure 25 and Table 20
fallowing. Thesedigolay how crude purchases by type compared by scenario, and dso
show how crude purchases generdly rose between 2000 and 2005, but then tended to fdll
between 2005 and 2010.

Figure 25

Changes in Chinese Crude Slate by Scenario: Options for Capital Investment Translate into a

Heavier, Sourer Crude Slate
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One of the interesting results concerning the Chinese crude date selection isthat the
higher quality, higher priced foreign crudes began to dedline, particularly by 2008-2010.
These indlude North Sea Brent, Angolan Cabinda, and Indonesian Minas (though Minas
is generdly thought of as a Daging “look-dike’ crude) Maaysan Tapis continued to be
purchased. These low-sulfur crudes are avallable for purchase, but the modd optsin-
stead to buy the heavier, sourer Middle Eastern crudes. Even the two higher-qudity




Middle Eastern crudes, Murban and Oman, were cut from the date. Thisis an important
finding, which may seem counter-intuitive. After dl, why would the modd avoid low-

sulfur, high quality crudes when product qudity specifications are getting more stringent?
Table 20

Model Purchases of Crude Slate by Scenario

Scenario:
1 2 3 4 5 6 7 8 9 10
200005 Euro2 05 Euro2&3 05 Euro3 05 Euro2&4 08 Euro3&4 10 Euro3 10 Euro3&4 10 Euro3&4 10 Euro3&5

BUY.ALT 138 1,073 1,013 869 1,001 6 7 7 7
BUY.ARH 112 1,000 1,000 1,000 1,000 1,790 1,952 1,952 1,952 1,952
BUY.IRH 17 300 300 300 300 330 350 350 350 350
BUY.IRL 62 300 300 300 300 420 420 420 420 420
BUY.OMA 100 180 180 180 180
BUY.MUR 83 - -
BUY.KUW 37 350 350 350 350 400 400 400 400 400
BUY.BRE 233 200 200 200 200
BUY.CAB 245 -
BUY.MIN 80 62 62 62 62 55
BUY.TAP 56 42 42 42 42 42 42 42 42 42
BUY.DAQ 928 570 570 570 570 536 524 524 524 524
BUY.SHE 489 301 301 301 301 293 288 288 288 288
BUY.HUA 1,160 910 910 910 910 838 790 790 790 790
BUY.ARU 20 -
BUY.NAN 215 206 206 206 206 247 274 274 274 274
Total Crude 3,974 5,493 5,434 5,289 5,421 4,951 5,047 5,047 5,047 5,047

200005 Euro2 05 Euro2&3 05 Euro3 05 Euro2&4 08 Euro3&4 10 Euro3 10 Euro3&4 10 Euro3&4 10 Euro3&5

ME Sour 366 3,023 2,963 2,819 2,951 2,940 3,129 3,129 3,129 3,129
ME Med 183 180 180 180 180 - - - - -
Domestic 2,812 1,987 1,987 1,987 1,987 1,914 1,876 1,876 1,876 1,876
AP Sweet 136 104 104 104 104 97 42 42 42 42
Oth Sweet 478 200 200 200 200 - - - - -
Total 3,974 5,493 5,434 5,289 5,421 4,951 5,047 5,047 5,047 5,047
% ME 14% 58% 58% 57% 58% 59% 62% 62% 62% 62%

Crude Naming Conventions:

Foreign Crudes, Mideast Foreign Crudes, AP/Afr/Eur Domestic Crudes
BUY.ALT  Arab Light BUY.BRE Brent BUY.DAQ Dagqing
BUY.ARH Arab Heavy BUY.CAB Cabinda BUY.SHE Shengli
BUY.IRH Iran Heavy BUY.MIN Minas BUY.HUA Huabei
BUY.IRL Iran Light BUY.TAP Tapis BUY.ARU Condensate
BUY.OMA Oman BUY.NAN Nanhai Lt

BUY.MUR Murban
BUY.KUW  Kuwait

This result suggests strongly that the most economica course of action will beto rely on
cgpitd investment within the country’ s refining sector to prepare for afuture of poorer
quaity—and thus less expensve—crude ails. It may even be worthwhile to investigate
the option of purchasing crudes even heavier and sourer than those presented here. One
reason this may aso be feasble is discussed in more detail below, but it concerns asphdt
production. The crudes best-suited for agphat production in generd are heavy and sour,
induding some American and Middle Eagern streams not represented in the China
modd. Asphdt production was never sufficient to meet demand in our scenarios, and
asphat imports were a eady fegture in the modd results. As additiond invetments are
mede in China, asde avenue possibly worth exploring may be the purchase of specific
crudes for asphdt (and perhaps lubricaing oil) production.



The modd’ s logic gppears to be that, Snce capitd investment will be required to meet
EURO spedifications in any case, the investments should result in arefining indudtry thet
will capitalize on raw materias of the lowest possble cogt. The specifications eventudly
grow S0 exacting that straight-run products from even the highest quaity crude dils re-
quire additiond processng before they can be blended into finished product. For exam:
ple, a sraight-run diesd from alow-sulfur crude may have a sulfur content of 100-400
parts per million (ppm.) This was adequate when sulfur specifications were in the range
of 500 (EURO2) to 2000 ppm (current Chinese specification,) but EURO3 standards
limit diesd sulfur to 150 ppm, EUROA4 to 50 ppm, and EUROS to an extremdy low 10
ppm. In the future, low sulfur straight-run diesdls aso will require hydrodesulfurization.

Asafind side note on crude date sdlection, we note thet the crude date here varies from
the results provided in the interim report. In the interim findings, Arab Heavy crudes
were purchased in unusudly large volumes. CPCC commented on this finding, and we
agreed that the price differentia between Arab Light type crude and Arab Heavy crude
was too wide, particularly if China entered the market asamgor buyer (thiswould likdly
exert upward pressure on the Arab Heavy price.) We narrowed the crude price differen
tidsfor thisfind report. While re-running the modd, we dso noted a second factor that
skewed the model toward heavy crudes: the export vaue of petroleum coke was too high.
It was these two factors (too low anArab Heavy price and too high a coke price) that
prompted the modd to purchase Arab Heavy crude, build coking capecity, and export
coke.

3.3.16. Product Trade Patterns
Chinadready isasgnificant il trading country, with many dasses of productsimported
and exported. LPG and fud oil have been the chief products imported, while exports
have been mainly gasoline. The modd dlows products to be bought and sold on the in-
ternational market, subject to transport costs and duties. The modd dso indudes astep
function for imports, where it is assumed that a certain quantity of EURO standard prod-
uct is available on the open market for a reasonable cog, but thet larger volumes will be
imported from more distant sources at a higher transport cost. For the most part, this fea-
ture did not come into play in the modding work; the modd chase to build capecity to
produce EURO fuds rather than relying upon imports. The main product imports were
LPG, ngphtha, fud ail, and asphat—typicaly the less expensve, non-specification prat
ucts. However, it is sgnificant that import volumes of ngphtha and LPG grow quite
large. If Chinese LPG demand continues to grow as forecast, Chinese LPG imports will
surpass even Japan’ s within the coming five years or so. Thismay or may not cause sup-
ply concernsin China, snce comparatively the new LPG volumes used in the transport
sector il are quite modest when compared to gasoline and diesd. Additiondly, China
may become a sgnificant importer of ngphtha as a petrochemicd feedstock, with import
levelsrivding South Kored' s.

A geedy festure in the mode output is petroleum coke exports. However, we made no
rigorous forecast of coke demand, or of its use within the refining and industria sector.
“Export” in this case, therefore, may be seen merdly as product leaving the refinery but



not necessarily being sold on the export market. For our modeling purposes, we did not
focus on auxiliary products such as coke, asphdt and lubes. In terms of gasoline and die-
s, the modd results showed two interesting developments: first, the gppearance of
MTBE imports by 2010, and second, an exportable surplus of EURO-spec diesd by
2008.

The MTBE purchases reved that by 2010, even with the cgpacity additions made, the
modd has a difficult time producing sufficient high-octane gasoline blendstocks free of
“bad actors’ such as olefins, benzene and other aromatics. At this point, the model
looked outsde the refining system for additiond gasoline blendstocks. Also as discussed
in the section prior on blending pools, the modd expanded the use of isomers and aky-
late in the gasoline pooal, reducing reliance upon butanes, cat cracked naphtha, and refor-
mate.

Figure 26

Trend in Chinese Product Trade by Scenario, 2005-2010
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The diesdl exports suggest that China could become anet exporter of middle didtillates if
cgpacity additions are large enough to fully meet gasoline demand. In no case did Ch-
nese refining fully meet LPG and naphtha demand, but in al cases the refining system
made the investments necessary to produce on-spec (and higher value) gasoline. Inthe
scenarios of 2010, the modd imported vagt quantities of LPG and ngphtha at the light end



of the barrd, plus asphdt at the heavy end. Running additiona crude barres served to
supplant imports at both ends, plus created an exportable surplus of diesd fud.

The model results on product trade are presented in Figure 26 aboveandin Table 21 fal-
lowing.

Table21

Chinese Product Trade by Model Scenario, 2005-2010

Scenario: 05-2 Euro2 05-3 Euro2&3 05-4 Euro3 05-5 Euro2&4 08-6 Euro3&4 10-7 Euro3 10-8 Euro3&4 10-9 Euro3&4 10-10 Euro3&5
IMP.ASP 33 33 33 30 40 50 50 50 50
IMP.NAP 193 220 252 286 318
IMP.LPG 369 444 579 452 638 608 614 613 618
IMP.MFO 408 168
BUY.MTBE 66 68 73 70
EXP.DS1 - - - - (28) - - - (36)
EXP.DS2 - - - - (120) (125) (110) ©3) (125)
EXP.COK (70) (69) (55) (69) (61) (56) (56) (56) (56)
Total Imports 402 477 612 482 1,280 945 984 1,022 1,223
Total Exports (70) (69) (55) (69) (208) (181) (166) (59) (217)

ASP=asphalt, NAP=naphtha, LPG=liquefied petroleum gas, MFO=medium sulfur fuel oil, MTBE=methy! tertiary butyl ether
DS1=diesel, spec 1, DS2=diesel, spec 2 (varies by scenario,) COK=petroleum coke

3.4. Capital Investment in Chinese Refining: Current Plans and

Additional Model Expansions

3.4.1. 2005 Expansions Underway, and Additional Model Expansions
by Scenario, 2005, 2008 and 2010

Chinese refiners dready are planning for afuture of tighter petroleum product specifica-
tions, and in fact have made and are making massive investmentsin the refining sector.

Y et akey hypothess of this sudy is that the investments made and underway will not be
aufficient if large ssgments of the Chinese market aggressively reformulate gasoline and
diesdl to EURO 3-5 standards. Therefore, the CHREF2 modd was buiilt to dlow cepitd
expangon in dl key refining technologies. The modd aso incorporated an advanced die-
sel-oriented technology, hydro-dearometization, or HDA, because in the earlier phase of
work one of the sdlected scenarios of 2010 included CARB (Cdifornia Air Resources
Board) specification fuds. CARB diesd drictly limits diesd aromatics. The CARB -
tion was later diminated in favor of EURO 5, which was considered amore logicd car
tinuation of the Chinese specification scenarios. The EURO standards regulate only poly-
cydic arométics, and this specification was not binding given the overwheiming reliance
on hydrocracking and hydrotreeting in future years. HDA technology was therefore not
built in the modd Smulations

As noted in the section on refinery capacity, anumber of expangons are underway that
will in part dlow Chinato produce higher qudity fuds nationaly by 2005. We indude
the cogt of these expangonsin our tota cost assessment. A summary of the additionsto
basdine capacity used in the mode isshownin Table 23. Of thislig, the volume of up-



grading cgpacity ismogt critica. In none of the 2005 scenarios did the modd fuly utilize
the primary didlillaion capacity, so it was not a binding congraint, but representing the
increase in hydrocracking, for example, was important to insure the model accounted for
the increase in volume and, more importantly, product qudity thet this represented.

A brief guide to the key technologies and abbreviationsis provided here for ease of refer-
ence (Table 22).

Table 22

Refinery Technology Naming Conventions and Brief Guide

Cbu Crude Distillation Unit

VDU Vacuum Distillation Unit

HDC Hydrocracker (converts fuel oil to middle and light distillates)

VBR Visbreaker (reduces fuel oil viscosity and converts some to lighter products)
NDS Naphtha Desulfurizer (gasoline-range material desulfurizer)

HDF Hydrofiner (desulfurizes feed to cracking units)

DCK Delayed Coker (converts heavy fraction to light and middle distillates plus coke)
HDA Hydrodearomatization (saturates aromatics in middle distillates, essentially eliminates sulfur)
IC5 Isomerization C5 (creates high octane gasoline blendstocks)

ALK Alkylation (creates high-octane gasoline blendstocks)

IC4 Isomerization C4 (creates high-octane gasoline blendstocks)

H2 Hydrogen (required for all desulfurizers and hydrocrackers)

LUB Lubricants (lubricating oil plant)

RDS Resid Desulfurizer (desulfurizes residual fuel oil, also for RCC feed pre-treatment)
CRF Catalytic Reformer (creates high-octane, high-aromatics gasoline blendstocks)
HDS Hydrodesulfurizer (middle distillate desulfurizer)

FCC Fluid Catalytic Cracker (converts heavy gasoils to light and middle distillates)
RCC Resid Catalytic Cracker (converts resid to light and middle distillates)

ASP Asphalt (asphalt unit)

BTX Aromatics (benzene, toluene, xylene extraction)

MTBE Methyl tertiary butyl ether



Table 23

Chinese Refinery Investments Underway by 2005

(kb/d)

Model Name Unit type KB/D
BLD.CDU Crude distillation 439.6
BLD.HDC Hydrocracking 381.6
BLD.VBR Visbreaking 19.1
BLD.DCK Delayed Coking 146.6
BLD.RCC Resid cat cracking 204.5
BLD.IC5 Isomerization 3.0
BLD.LUB Lubes 5.2
BLD.RDS Resid desulfurizing 114
BLD.ASP Asphalt 33.9
BLD.CRF Cat reforming 87.3
BLD.MTBE MTBE 3.9
BLD.FCC Fluid cat cracking 9.3
BLD.BTX Aromatics extraction 19.5
BLD.HDS Hydrodesulfurization 575.1

When confronted with the new specification scenarios, however, the modd built capacity
beyond the units dready planned. Table 24 shows the units built by type and scenarioin
the modd smuations. In the scenarios of 2005, the modd built additiond visbregking,
feed hydrafining, hydrogen, dkylation, naphtha desulfurizing, isomerization and lubes,

with variaions by scenario. For example, the mgor expangon of isomerization, akyla
tion, and hydrogen occurred under Scenario 4, where the entire country was assumed to
adopt EURO 3 fudsingead of EURO 2 or ingead of EURO2 & 3 or EURO 2 & 4 comt+
binations.

Table24
Chinese Model Refinery Unit Capacity Expansion By Scenario, 2005, 2008, 2010

Scenario:

05-2 Euro2 05-3 Euro2&3 05-4 Euro3 05-5 Euro2&4 08-6 Euro3&4 10-7 Euro3 10-8 Euro3&4 10-9 Euro3&4 10-10 Euro3&5
BLD.HDC 18.0 17.8 17.4 18.0
BLD.VBR 550.0 550.0 550.0 550.0 307.6
BLD.NDS 32.8
BLD.HDF 675.2 652.2 616.5 648.0 476.5 128.1 128.3 128.9 128.3
BLD.DCK 53.2 53.3 53.3 53.3
BLD.RCC 267.7 267.7 267.7 267.7
BLD.IC5 104.2 145.5 152.6 152.6 152.6 152.6
BLD.ALK 11.4 103.0 24.6 102.9 38.1 39.7 42.4 39.7
BLD.H2 129.5 463.8 150.7 696.8 861.5 862.1 863.1 866.5
BLD.LUB 16.3 16.3 16.3 16.3 29.6 39.4 39.4 394 39.4
BLD.RDS 560.5 1,100.0 1,100.0 1,100.0 1,100.0

Inthe modd run of the Scenario 6, 2008 EURO 3 & 4, the modd again built vidoresking
and hydraofining, but shifted its strategy considerably. It built less of these technologies
and ingteed built resid desulfurizing (RDS) and additiond hydrogen. RDS nat only
desulfurizes whole resid, which then makes it suitable for resd cat cracking (RCC), it



adso serves as atype of “mild hydrocracking,” snce some of theresd is actudly hydro-
cracked in the intensve desulfurization process. The modd aso expanded its gasoline
output by building around 103 ki/d of akylation cgpacity and 145 kb/d of isomerizetion
capacity. Asbefore, it expanded lube oil capacity to keep pace with demand growth.

By 2010, the modd grategy shifted once again. The rdatively mild visbresking technol-
ogy was not selected at dl, and priority shifted even more to RDS technology and add-
tional hydrogen. By the 2010 scenarios, the modd aso built additiond converson ca-
pecity in the form of RCC units (the RDS units prepare feed,) plus some additiona cdk-
ing and hydrocracking.

3.4.2. Types of Capital Investment by Scenario

Refinery outputs are jointly produced, meaning that the crude and other feedstocks proc-
essed in the various units typicaly contribute to awide array of outputs. This has often
frustrated economists who would like to be able to theorize on the exact “cost of produc-
tion” forindividual refinery products. We make no pretense of cdculaing atrue “cost of
production” for the EURO fuels produced here, but instead we use the model resultsto
gpportion cgpital cogtsto gasoline and diesd using some smplified rules. Although

meany refinery technologies contribute to more than one product, some technologies are
heavily geared toward gasoline production while others are geared toward middle ditil-
late production.

In our cogst etimates, we attribute the cost of dkylation, ngphtha desulfurization, catdytic
reforming, isomerization, MTBE, and BTX to gasolinedone. Invesmentsin these ted
nologiesare shown in Fgure 27. We dtribute the cost of hydrocracking and hydrodesu-
furization to diesd aone. The other technologies are divided between the two, including
some of the other sufur-removd oriented technologies Sulfur-rdaed invesments are
shownin Fgure 28.
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Figure 28

Chinese Refinery Expansions by Scenario: Sulfur-Removal Related
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3.4.3. Calculating Capital Costs and Apportioning to Gasoline and
Diesel

Table 25 cdculates the totd dally codts of the capitd investmentsin Chinese refining by
scenario, and dso cdculates agrand totd in billions of US dallars The dally costs are
presented in thousands of US dollars. The scenarios of 2005 have capitd cogs that range
from $1.09 to $1.25 million dollars per day, trandating into around $0.4 to $0.46 hillion

per year. The 2008 scenario hed a cogt of $1.83 million dollars per day, or $0.67 billion
per year. The 2010 scenarios had costs quite close together, in the vicinity of $2.33-2.34
million per day, or around $0.85 hillion per yeer.



Table 25

Chinese Refinery Unit Capacity Expansion Costs By Scenario
Daily cost in '000$

BLD.CDU
BLD.HDC
BLD.VBR
BLD.NDS
BLD.HDF
BLD.DCK
BLD.HDA
BLD.RCC
BLD.IC5
BLD.ALK
BLD.IC4
BLD.H2
BLD.LUB
BLD.RDS
BLD.ASP
BLD.CRF
BLD.MTBE
BLD.FCC
BLD.BTX
BLD.HDS

Total
Bn $/year

Scenario:

374
197.7
91.6
2.6
3173
59.1
82.6
11

54.2
121
16.1
43.1
2.3
33
8.3
164.0

1,092.7

$ 039 $

37.4

197.7

91.6

306.5

59.1
82.6
11
8.3
215
54.2
12.1
16.1
43.1
2.3
3.3
8.3

164.0

1,109.0
0405 $ 0457 $

1,

37.4
197.7
91.6
289.7
59.1
82.6
37.8
74.7
77.0
54.2
12.1
16.1
43.1
2.3
3.3
8.3
164.0

250.9

374
197.7
91.6
304.5
59.1
82.6
11
17.8
25.0
54.2
121
16.1
43.1
23
33
8.3
164.0

1,120.1

0.409

$

1,

37.4
197.7
52.6
223.9
59.1
82.6
52.4
74.6
115.7
87.8
606.2
16.1
43.1
2.3
3.3
8.3
164.0

827.0

37.4
207.0
3.1
60.2
80.5
190.6
54.9
27.6
143.0
112.5
1,178.1
16.1
43.1
2.3
3.3
8.3
164.0

2,332.0

0667 $ 0851 $

374
206.9
31
60.3
80.6
190.6
54.9
28.8
143.1
1125
1,178.1
16.1
43.1
23
33
83
164.0

2,333.3
0.852

We gpportion the cogts to gasoline and diesdl as follows (Table 26 and Table 27).

Table 26

Chinese Refinery Expansions Apportioned as Gasoline-Oriented Investments:
Daily cost,'000$ Scenario:

BLD.CDU
BLD.HDC
BLD.VBR
BLD.NDS
BLD.CRF
BLD.MTBE
BLD.BTX
BLD.RCC
BLD.HDF
BLD.DCK
BLD.IC5
BLD.ALK
BLD.IC4
BLD.H2
BLD.RDS
BLD.FCC

Total gasoline
Bn $/year
cents/gal cost

© &+

P OB OB PP PP PR PGB BO B

=
a1
©
~

B AP BO AP DD AP DD PP D

353.6
0.129
0.844

» &

E
|
E
|
E
|

R R e e A R

360.3
0.132
0.860

P OB ODP PP PO PR RGE PO SB

© &+

471.8
0.172
1.126

B AP BO AP DD AP DD PP D

®» *H

370.0
0.135
0.883

P OB ODP PP PO PR RGE PO SB

© &+

627.6
0.229
1.387

P OP OB AP PO PR RGE BH B

@ &

726.4
0.265
1.525

P OP OB AP PO PO RGE PO GB
©
o
w

7271.7
0.266
1.528

@ &

R e e e AR R AR R AR R

® &

729.9
0.266
1.532

$

®» &

37.4
206.7
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374
207.0
31
60.3
80.6
190.6
54.9
28.8
143.8
1125
1,178.1
16.1
431
23
33
83
164.0

2,334.1
0.852



Table 27

Chinese Refinery Expansions Apportioned as Diesel-Oriented Investments:

Daily cost,'000$

BLD.CDU
BLD.HDC
BLD.VBR
BLD.NDS
BLD.HDF
BLD.DCK
BLD.HDA
BLD.RCC
BLD.H2
BLD.RDS
BLD.HDS
BLD.FCC

Total diesel
Bn $lyear
cents/gal cost

Total

Figure 29

Scenario:

05-2 Euro2 05-3 Euro2&3 05-4 Euro3 05-5 Euro2&4
$ 224 % 224 % 224 $ 22.4
$ 1878 $ 1878 $ 1878 $ 187.8
$ 550 $ 550 $ 550 $ 55.0
$ - $ - $ - $ -
$ 1587 $ 1533 $ 1449 $ 152.3
$ 295 $ 295 $ 295 $ 29.5
$ - $ - $ - $ -
$ 413 $ 413 $ 413 $ 413
$ - $ 150 $ 539 $ 175
$ 85 $ 85 $ 85 $ 8.5
$ 1640 $ 1640 $ 1640 $ 164.0
$ 16 $ 16 $ 16 $ 1.6
$ 6688 $ 6784 $ 7088 $ 679.9
$ 0244 3 0248 $ 0259 $ 0.248

1.943 1.971 2.060 1.975

$ 1,0224 $ 1,0387 $ 1,1806 $ 1,049.8

08-6 Euro3&4
224
187.8
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413
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424.4
164.0
1.6
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22.4
196.7
18
30.1
40.3
95.3
100.1
824.7
164.0
16

1,477.0
0.539
3.166

$ 1,7231 $ 2,2034
Notes: “ Total” is gasoline and diesel apportioned costs combined, in thousand dollars per day. Totals may not sum owing to exclusion of
certain investment costs in lubricants and asphalt.
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Fgure 29. In the year 2005, the least-expendve option was Scenario 2, dl EURO 2 fuds,
with an additiond gasoline cost of 0.844 cents per gdlon. The most expensive option
was Scenario 4,dl EURO 3 fuds, with a per-gdlon additiona cost of 1.126 cents/gdlon.
Scenario 6 of 2008 (EURO 3 and 4 fuels) added 1.387 cents per gdlon to the cost of
gasoline. Cogts under the 2010 scenarios were very close, with Scenario 7 (al EURO 3)
the least codtly a 1.525 cents/gdllon and Scenario 9 (EURO 3 plus 40% EURO 4) the
most codtly, adding an additiond 1.532 cents/gdlon to the cogt of gasoline.

Diesd reformulation cost roughly twice as much as gasoline reformulation. In our scenar-
ios of 2005, the least expengive option was again Scenario 2, dl EURO 2, which added
1.943 cents/gdlon to the cost of diesd. The most expensive option was again Scenario 4,
which added 2.06 cents/gdlon. Scenario 6 (year 2008) hed an additiond diesdl cost of
2.65 centg/gdlon. In the scenarios of 2010, once again the cogts were very smiilar, in the
vidnity of 3.166-3.168 cents/gdlon for al scenarios.

4. Conclusions

The cogs we cdculate for reformulating Chinese gasoline and diesdl to EURO standards
ranges from 2.8 to 3.2 cents per gdlon indusve in 2005, 4.04 cents per gdlon in 2008

and around 4.7 cents per gdlon in 2010. By European and US standards, these costs are
well within acoceptable perameters, but we adso must acknowledge that per-capita GDP is
subgantialy lower in Chinathan in the developed OECD countries. Again, these codts
are basad on equipment expanson costs and may be 25-50% higher if offgtes, labor and
other costs are included.

Given Chind s wel-devel oped refinery base, the modd shows that it would be leest ex-
pensve for Chinato follow the “US Gulf Coast” modd of investing in sgnificant yp-
grading and hydrotreating capacity to adlow the processing of the chegper and lower qual-
ity crudes available in the market. Indeed, it islikely that the refinery configuration de-
veloped in the 2005 and 2010 scenarios would dlow the processing of even heavier and
lower qudity—and chegper—crude ails than the date offered in the modd. Conpared to
Chind s current Stuation, however, incressing product qudity, and particularly reducing
dlowable sulfur content, will require sgnificant investment in pretrestment units, ether
feed hydrofining units as was the focus of the 2005 reaults, or resd desulf urization units
in the 2010 scenarios

In generd, mixed standards in which the mgor urban areas adopted dricter Sandards that
the rest of the country were somewhat chegper to achieve than asngle sandard nation-
wide. Thisis particularly pronounced in the 2005 results, in which achieving Euro 3 or
Euro 4 gandardsin the mgor urban aress representing 35% of tota demand was some
$50 million ayear chegper than going to Euro 3 sandards netionwide. By 2010, however,
the need for new capadity to achieve much higher product qudity and to supply the addi-
tiona demand reduces these differences. The codts of achieving Euro 3 andards nation-
wide in 2010 bardy differs from the costs of implementing Euro 4 (35%) or Euro 5

(15%) while the rest of the country met Euro 3 standards.



Asmentioned earlier, the vdue of modding exercises such asthisoneisin comparing
scenario results to each other ingead of in forecasting of exact investment directions or
cods. Moreover, the modd seeks the least-cogtly way to achieve the demand and qudity
requirements of each scenario, but dternatives do exit. Given numerous competing in-
vestment requirements that the Chinese oil companies face (particularly in expanding pet-
rochemica production), it is possible to defer some of the near-term capitd equipment
invesment in refining by judicioudy sdecting adate of higher qudity import crudes,
taking advantage of the qudity of the raw materid instead of the capacity to upgrade
lower-qudlity feed. Although this may reduce the equipment expenditures in the near
term, it islikdy thet totd sysem cogts (borne by different entities, incdluding consumers)
would be higher than that described in the scenario results.

Adde from the volume and compaostion of the crude date, the generd product trade pat-
tern does not shift subgtantidly as aresult of the various upgrading scenarios. Currently,
Chinais highly import-dependent on LPG and fud ail, and the high levels of LPG im-
ports continues in dl future scenarios. Smilarly, until recently, China required supple-
mental imports of ngphtha for its petrochemical indudtry; as demand for feedstock con
tinues to grow strongly, imports of ngphtha gppear again in the 2010 scenarios. The only
mgor shift in trading patterns is a moderate volume of diesdl exportsin the 2010 scenar-
ios. Although China has been alarge importer of diesd fue in the padt, the types of yp-
grading units necessary for improving product qudity (such as hydrocracking) aso in-
crease product yieds for diesdl. Nonetheless, a around 125,000 b/d, these export vol-
umes are not very large.
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1. Background

Overview of the Main Study
The main Sudy dited in this addendum is Improving Transport Fuel Quality in China: Implica-
tions for the Refining Sector, May 2002, funded by the Energy Foundation. Trans-Energy Re-
search Associates, Inc. and Lawrence Berkeley Laboratory prepared the report, with technical
assigance from the China Petrochemica Consulting Corporation. To provide a brief back-
ground, the larger sudy provides adetalled look a Chind s oil market, the refining indudtry,
product quaity and the market for trangport fuels. China has plans to harmonize its gasoline and
died fud qudity specifications with European (EURO) standards, generdly lagging by afew
years the European adoption schedule. The EF study investigates the question, what are Chind's
refining optionsin light of afuture of changing gasoline and diesdl qudlity specifications?

Despite an ambitious refinery expangon program during the 1990s, amgor hypothesis of the
sudy was that the Chinese refining industry would be unable to fully meet Chinese demand for a
full output date of EURO type fuds, particularly as demand continues to grow. Part of our god
with this work is to identify the hydrocarbon processing technol ogies needed and the levels of
investment that will be required under a set of future scenarios wherein gasoline and diesel speci-
fications are successively tightened. Because refinery expansion plans dready are underway,
there may be opportunities to plan modernization in phases, or to jointly plan units 0 asto
achieve advantageous feedstock relationships, or to plan larger units thet enjoy economies of
scde. We explore the issue d how the Chinese refining indusiry will adapt to change, how it
might grow and invest, and how much it might cogt to praduce the new fuels.

The main andytica methodology used was a customt-built linear program (LP) modd of the
Chinese refining sysem  (The methodology is described in the main sudy, and the discusson is
not replicated here) The modd, abbreviated a CHREF2, was then used to investigate refinery
behavior under arange of scenarios for the years 2005, 2008, and 2010. The modd smulated
thefull range of activities:

Crude date sdlection, purchase and trangport

Other feedstock and blendstock use

Purchase and use of consumables such as power, water, cataysts
Refinery process unit utilization and dl intermediate flows
Product blending to quaity specifications

Sidfaction of domestic demand

Product import and export

Nogak~whNhE

The scenario andlysis involved setting levels of demand and quality specifications for each sce-
nario, origindly induding four of 2005, one of 2008, and four of 2010. The main varigbleswere
demand levels by product type and product qudity (EURO2, EURO3, EURO4, and EUROS fu-
es) For example, Scenario 5 specifies 65% EURO2 fud plus 35% EURO4 fud in the year
2005. The 35% volumeis used to gpproximate demand in mgor urban aress. These combina-
tion scenarios assume that the metropolitan areas adopt more rigorous fuel Sandards more
quickly than rural areas. The modd scenarios are summiarized in the table following.
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Table 1. LP Model Scenarios Of Chinese Gasoline and Diesel Quality

NEW _NEW
Scenario Number 1.Base 2 3 4 5 6 7 8 9 10 11 12
2005 2005 2008 2010 2010 2010
2005 Euro2 + Euro2 Euro3+ Euro3 Euro3 Euro3
2000 Base 35% Euro 2005 +35% 15% 2010 +15% +40% +15% 2010 2010
Actual  (Euro 2) 3 Euro3 Euro 4 Euro4 Euro3 Euro4 Euro4 EuroS Euro4 Euro5
90, 93, and 97 Octane
RVP psi max 9 9 8.70 7.98 8.70 8.70 8.70 7.98 7.98 7.98 7.98
Sulfur ppm max 1000/800 500 500 150 50 150 150 150 50 10 50 10
Olefins vol% max 35 na na 18 14 18 18 18 14 14 14 14
Aromatics vol% max 40 na na 42 35 42 42 42 35 35 35 35
Benzene vol% max 25 5 5 1 1 1 1 1 1 1 1 1
Oxygen wt% min/max 2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7 0/2.7
Automotive Diesel
Cetane no. 45 49 49 51 55 51 51 51 55 55 55 55
Sulfur ppm max 2000 500 500 350 50 350 350 350 50 10 50 10
Polycyclic aroms % 11 4 11 11 11 4 4 4 4
T95 % 370 370 350 340 350 350 350 340 340 340 340
Density (at 15degC) 820-860  820-860 845 max 845 max 845 max 845 max 845 max 845 max 845 max 845 max 845 max

Note: the mixed scenarios using a percentage of an alternative specification will be based on the percent of demand in the 12 SEPA pilot cities.

Purpose of the Addendum to the Main Study

In July 2002, the Energy Foundation hogted in Beijing aseminar on fud sulfur levels The aur
thors presented the results of the main study a the seminar, which included participants from
government, academia, and industry. One of the suggestions was that the mode be used to aner
lyze two additiond scenarios of 2010: Scenario 11, where the entire country adopted EURO4
sandards, and Scenario 12, where China adopted EUROS standards. The Energy Foundation
approved the additiond work, which was carried out by Trans-Energy Research Associates using
the existing modd structure. These two new scenarios are d o presented in thetable. Thisad
dendum provides the results of the new scenarios. For ease of comparison, anumber of the key
tables and charts from the main sudy are replicated here with the new scenarios gppended. In
this respect, the addendum may aso serve as a brief summary of the overal study results, minus
the background data and discusson. Readers interested in additiond details may peruse thefull
study as needed.

One of thefindings of the study was that the combination scenarios (i.e., those that adopted
sricter sandards for 35-40% of the Chinese market and |eft the rest of the country a more re-
laxed standards) were generdly less expensive to achieve, as might logicdly be expected. How-
ever, the cod differentias were not dways extremey large. Additiondly, implementing a dud-
gandard program in Chinawould have its own difficulties. For example, avehicle designed for
EURO4 fud might purchase EUROZ fud in the countryside, potentialy damaging onboard
emission control equipment. The new scenarios adopt aggressive fud qudity standards coun-
trywide by the year 2010, obviating these problems. One hypothesis behind the new scererios
was that, snce the main sudy revealed that agreet ded of refinery investment would be needed
in dl cases, the incrementa cost of adopting the more rigorous countrywide sandards might not
be excessve.
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2. Scenario 11 and 12 Results and Comparison with Other
Scenarios

Gasoline and Diesel Blending Pools

The CHREF2 modd blends literaly hundreds of possble blendstocks into finished products,
choosing the optimum mixes to meet qudlity criteria Blending tradeoffs were discussed in the
main Sudy, but in generd the model salects the best blend for producing fuels that Smultane-
oudy satisfy qudity objectives such as octane, RV P, arométics and olefins levels for gasoline
and cetane and sulfur levelsfor diesd. Note that the modd solutions are not to be taken as an
exact “recipes’ for reformulated fuds. The blendstock properties will vary from refinery to re-
finery, for example. These are the modd’ s blending pools. Table 2 summarizes the blending
pools for the scenarios, including the new scenarios of 2010.

Table2.

Comparison of Gasoline and Diesel Blending Pools by Scenario, Scenarios 1-12

(% of total finished product pool)
New Scenarios:

GASOLINE BLENDING POOLS

2005 2005 2005 2005 2008 2010 2010 2010 2010 2010 2010

Scenario 2 Scenario 3 _Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9 Scenario 10 Scenario 11 Scenario 12
Alkylate 0.1% 3.9% 13.1% 5.3% 12.1% 5.8% 6.0% 6.2% 6.0% 6.6% 6.7%
Butanes 4.6% 3.8% 2.4% 3.4% 2.1% 1.8% 1.6% 1.3% 1.6% 0.6% 0.6%
FCC Nap 62.2% 57.3% 49.1% 56.5% 46.8% 50.8% 50.8% 50.9% 50.8% 49.6% 49.6%
HDC Nap 0.0% 5.1% 8.8% 5.6% 8.9% 9.7% 9.7% 9.7% 9.7% 10.7% 10.5%
TH Nap 2.7% 2.7% 2.4% 2.6% 2.6% 2.4% 2.4% 2.4% 2.4% 2.5% 2.5%
Isom 0.0% 0.3% 10.4% 0.3% 13.4% 13.3% 13.3% 13.3% 13.3% 13.1% 13.4%
MTBE 2.8% 2.8% 2.8% 2.8% 2.6% 5.7% 5.7% 5.8% 5.7% 6.1% 6.0%
Reformate 27.5% 24.0% 10.9% 23.5% 11.5% 10.4% 10.4% 10.4% 10.4% 10.7% 10.7%
Aromatics 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Total 100.0% 100.0% 100.0%  100.0%  100.0% 100.0%  100.0%  100.0% 100.0% 100.0% 100.0%

DIESEL BLENDING POOLS

2005 2005 2005 2005 2008 2010 2010 2010 2010 2010 2010

arlo nario d arlo darioo naro na 4 aro d d
SR Dist 16.0% 16.0% 16.0% 16.3% 22.2% 18.4% 18.6% 18.6% 10.7% 4.5% 0.0%
DS Dist 10.8% 9.4% 4.6% 8.9% 1.9% 5.5% 6.3% 5.9% 5.1% 17.0% 0.0%
HDC Dist 26.0% 29.2% 34.0% 29.6% 36.2% 40.6% 40.6% 40.6% 40.6% 41.7% 22.7%
HDC Ker 0.5% 4.0% 2.8% 4.8% 5.0% 14.6% 15.1% 15.1% 6.9% 14.3% 3.3%
HIDS LCO 1.0% 1.0% 0.2% 1.0% 0.0% 0.0% 1.3% 0.4% 1.3% 0.0% 11.0%
HIDS Ker 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.3% 6.8% 0.0%
SR Ker 36.8% 31.4% 33.3% 26.1% 27.9% 15.2% 9.5% 8.4% 24.3% 9.6% 1.3%
DS Ker 0.0% 0.1% 0.3% 4.4% 5.0% 4.2% 7.1% 9.6% 2.4% 2.6% 19.5%
SW Dist 8.9% 8.9% 8.9% 8.9% 2.0% 1.5% 1.5% 1.5% 0.9% 0.7% 0.0%
DS SW Dist 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 6.4% 1.5% 10.6%
HIDS SW Dist 1.3% 0.0%
HIDS THLGO 0.1% 0.0%
HDA Dist 10.7%
HDA Ker 9.6%
HDA THLGO 11.3%
Total 100.0% 100.0% 100.0% 100.0%  100.0% 100.0% 100.0%  100.0% 100.0% 100.0% 100.0%

Note: These blending pools are CHREF2 model solution sets and should not be taken as exact "recipes” for reformulated fuels. Blendstock properties will vary.



The gasoline pools for scenarios 11 and 12 differed mainly in the dightly higher reliance on
MTBE, dkylate, and hydrocracked naphtha (HDC naphtha) at the expense of butanes and FCC
naphtha. Diesd blending was congderably more complex, however, with the addition of new
blendstocks from hydrodearomatization (HDA) technologies. For EUROS diesdl, conventiond
diesd hydrotreating was no longer sufficient. No sraight-run diesd was blended, and very little
sraight-run kerosene was used. Mogt blendstocks were high-intensity desulfurized streams, hy-
drocracked streams, or the new HDA streams.
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Scenario 11, 2010 All EURO4 Fuels Blending Pools
Figure 1

2010 Gasoline Pool, Scenario 11
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Scenario 12, 2010 All EUROS Fuels Blending Pools

Figure 3
2010 Gasoline Pool, Scenario 12
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Refinery Capacity Expansions by Scenario
Indl cases meeting Chinese demand for higher-qudity fued will require capitd invesment in
refining. The modd sdlects the gppropriate technology types and capacities based on the least-
cogt solution to meeting product demand and qudity in each scenario.

Gasoline-Oriented Investments

Gagdline-oriented investments focusad on isomerization, catdytic reforming, and dkylation for
most scenarios, with lesser amounts of MTBE expangon and arométics extraction capacity. Ad-
ditions by technology type and scenario are presented in Figure 5.

Figure 5
Model Results: Gasoline-Oriented Investments by Scenario
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Sulfur Removal Related Investments

In our andyds, ulfur remova will be one of the main chdlenges facing Chinese refinersin the
guest to adopt EURO standards. As the following figure shows, EURO2 sulfur maxima are 500
ppm (parts per million.) EURO3 sandards cdl for 150-ppm sulfur for gasoline and 350-ppm
sulfur for diesd. EURO4 standards reduce sulfur maximato 50 ppm for both fuds. Then
EUROS will reduce sulfur levelsto ultralow leves of just 10 ppm.

Figure 6
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Tightening Fuel Sulfur Levels in EURO Fuels
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The modd sdlects the best Srategy to remove sulfur from blendstocks. The following figure
shows sulfur-removd related investments by scenario. In the scenarios of 2005, investments fo-
cused on cracker feed pre-trestment (BLD.HDF) with the associated hydrogen units. By 2008
2010, the focus shifted to resd desulfurizing (BLD.RDS,) once again with the associated hydro-
gen needed to run the units. An interesting contrast is seen between the invesments madein
Scenario 11 and Scenario 12. The only difference between these two scenarios is the sulfur
levd. To produce 10-ppm sulfur diesd in Scenario 12, the modd opted to build hydrodearoma-
tization, an advanced technology that can trandform very difficult middle didtillate feeds into ex-
tremdy high-quaity diesd, with high-cetane numbers and essentidly no sulfur or arométics. In
our modeling work, EURO5 gtandards were the only standards requiring invesment in this tech
nology.
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Figure 7

Chinese Refinery Expansions by Scenario: Sulfur-Removal Related
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Figure 8
Changes in Chinese Crude Slate by Scenario: Options for Capital Investment Translate into a
Heavier, Sourer Crude Slate
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Crude Slate Selections by Scenario

Figure 8 summarizes refinery crude dates by scenario. One of the key findings of the work is
that an ambitious refinery investment program in Chinawill creste options to purchase a heavier,
sourer crude date, thus cutting feedstock costs. The new scenarios 11 and 12 weredso inline
with this finding except for adightly higher volume of low sulfur crude purchases (Minas type
from Indonesia and North Sea Brent in these cases)) The detals on crude date selection by type
areincluded in Table 3, with volumes in thousand barrdls per day.

Model Purchases of Crude Slate by Scenario

Scenario:
1 2 3 4 5 6 7 8 9 10 11 12
2000 05 Furo?2 05 Eura28&3 05 Eurol 05 Eura2&4 08 Fuwro3&4 10Furol 10FEwo3&4 10FEuro3&4 10 FEurol&5 10FEuwrod 10 FEroS

BUY.ALT 138 1,073 1,013 869 1,001 6
BUY.ARH 112 1,000 1,000 1,000 1,000 1,790 1,952 1,952 1,952 1,952 1863.598 1895.291
BUY.IRH 17 300 300 300 300 330 350 350 350 350 350 350
BUY.IRL 62 300 300 300 300 420 420 420 420 420 420 420
BUY.OMA 100 180 180 180 180
BUY.MUR 83 - -
BUY.KUW 37 350 350 350 350 400 400 400 400 400 400 400
BUY.BRE 233 200 200 200 200 14.929
BUY.CAB 245 -
BUY.MIN 80 62 62 62 62 55 50 50
BUY.TAP 56 42 42 42 42 42 42 42 42 42 42 42
BUY.DAQ 928 570 570 570 570 536 524 524 524 524 524.2 524.2
BUY.SHE 489 301 301 301 301 293 288 288 288 288 287.7 287.7
BUY.HUA 1,160 910 910 910 910 838 790 790 790 790 790.4 790.4
BUY.ARU 20 -
BUY.NAN 215 206 206 206 206 247 274 274 274 274 274 274
Total Crude 3,974 5,493 5434 5,289 5,421 4,951 5,047 5,047 5,047 5,047 5,002 5,049

2000 05 Euro2 05 Euro2&3 05 Euro3 05 Euro2&4 08 Euro3&4 10 Euro3 10 Euro3&4 10 Euro3&4 10 Euro3&5 10 Euro4 10 Euro5

ME Sour 366 3,023 2,963 2,819 2,951 2,940 3,129 3,129 3,129 3,129 3,034 3,065
ME Med 183 180 180 180 180 - - - - - - -
Domestic 2,812 1,987 1,987 1,987 1,987 1,914 1,876 1,876 1,876 1,876 1,876 1,876
AP Sweet 136 104 104 104 104 97 42 42 42 42 92 92
Oth Sweet 478 200 200 200 200 - - - - - - 15
Total 3,974 5,493 5434 5,289 5,421 4,951 5,047 5,047 5,047 5,047 5,002 5,049
% ME 14% 58% 58% 57% 58% 59% 62% 62% 62% 62% 61% 61%
Crude Naming Conventions:

Foreign Crudes, Mideast Foreign Crudes, AP/Afr/Eur Domestic Crudes

BUY.ALT  Arab Light BUY.BRE  Brent BUY.DAQ Daging

BUY.ARH  Arab Heavy BUY.CAB Cabinda BUY.SHE Shengli

BUY.IRH Iran Heavy BUY.MIN Minas BUY.HUA Huabei

BUY.IRL Iran Light BUY.TAP Tapis BUY.ARU Condensate

BUY.OMA Oman BUY.NAN Nanhai Lt

BUY.MUR  Murban
BUY.KUW  Kuwait

Table3

Product Trade Patterns by Scenario

Chind s main product imports are LPG, naphtha, and fud oil. Reatively spesking, these are
low-cost commodity imports, and their quaity specifications were unchanged from scenario to
scenario. The modd results indicated thet low-cost products (or speciaty products such as as-
phalt) would continue to be imported, while the Chinese refining system focusad primerily on
producing high-vaue transport fuds. Product exports were fairly smdl, generdly petroleum
coke and, in some scenarios, diesd. Theresults are presented in Figure 9.
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Figure9

Trend in Chinese Product Trade by Scenario, 2005-2010
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Gasoline and Diesel Additional Costs by Scenario

Although this addendum contains only two new scenarios, the following tables present mode
cdculations of the incremental cogts of gasoline and diesdl for dl scenarios, 2005, 2008 and
2010in Tables4, 5and 6. The results are summarized Sde-by-sdein Fgure 10. In generd, the
modd predicts that costs will rise astime proceeds, with per-unit costs rising successively from
2005 to 2008 and 2010. However, the year 2010 scenarios show afairly sable price incresse,
with only the new scenario 12 (EUROS) displaying asignificant increasein diesd codts (around
0.9 fenllitre)
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Table4

Incremental Fuel Costs: CHREF2 Model Results for 2005 Scenarios

Scenario:
05-3
65%EURO2 & 05-5 65%EURO2
05-2 EURO2 35%EURQO3 05-4 EURO3 & 35%EURO4
Gasoline costs $ 3536 $ 360.3 $ 4718 $ 370.0
Diesel costs $ 668.8 $ 678.4 $ 708.8 $ 679.9
Total Cost $ 1,092.7 $ 1,109.0 $ 1,2509 $ 1,120.1
Scenario:
05-3
65%EURO2 & 05-5 65%EURO2
05-2 EURO2 35%EURQO3 05-4 EURO3 & 35%EURO4
Gasoline cost c/g 0.844 0.860 1.126 0.883
Diesel cost c/g 1.943 1.971 2.060 1.975
Gasoline cost fen/l 1.772 1.805 2.364 1.854
Diesel cost fen/l 4.081 4.140 4.325 4.149

Tahle5

Incremental Fuel Costs: CHREF2 Model Results for 2008

Scenario:

08-6 85%EURO3
000 $/day & 15%EURO4
Gasoline costs $ 627.6
Diesel costs $ 1,095.5
Total Cost $ 1,827.0
Cents/gallon
Gasoline cost c/g 1.387
Diesel cost c/g 2.650
Gasoline cost fen/l 2.912
Diesel cost fen/I 5.566
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Table 6
Incremental Fuel Costs: CHREF2 Model Results for 2010 Scenarios

Scenario:

10-8 EURO3& 10-9 EURO3& 10-10 EURO3
10-7 EURO3 15% EURO4 40% EURO4

& 15% EUROS 10-11 EURO4 10-12 EURO5

10-8 EURO3& 10-9 EURO3& 10-10 EURO3
10-7 EURO3 15% EURO4 40% EURO4

Gasoline costs $ 726.4 $ 72717 $ 729.9 7279 $ 7299 $ 727.9

Diesel costs $ 1,477.0 $ 14770 $ 1,477.1 1,4776 $ 1,497.7 $ 1,704.8

Total Cost $ 2,3320 $ 23333 $ 2,335.5 2,3341 % 2,3355 $ 2,334.1
Scenario:

& 15% EUROS 10-11 EURO4 10-12 EURO5

Gasoline cost c/g 1.525 1.528 1.532 1.528 1.542 1.524
Diesel cost c/g 3.166 3.167 3.167 3.168 3.211 3.655
Gasoline cost fen/l 3.203 3.208 3.218 3.209 3.238 3.201
Diesel cost fenl/l 6.650 6.650 6.650 6.652 6.743 7.675
FHgure 10
Summary Model Results: Apportioned Costs of Gasoline and Diesel
Reformulation by Scenario, Including Scenarios 11 and 12
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3. Conclusion

The Chinese refining industry dready has undergone a massive buildup and expansion program,
and additiond changes dready are underway. Our analysisindicates that these changes done
will not be sufficient to meet demand for more stringent EURO specification fuds. Indl of our
model scenarios, refinery investments were made above and beyond those dready firmly
planned. While some of the investments were oriented toward converson and baancing the de-
mand barrd, by far the mgority was qudity-rdated. Gasoline-rdated units focused on isomeri-
zdion, dkylation, and catdytic reforming. The main emphass, however, was on sulfur remova.
In the two new scenarios of 2010, sulfur sandards were Stricter, particularly in scenario 12,
EUROS. As such, there was a shift to hydrodearomatization technologies capable of essentialy
diminating sulfur in diesd sdreeams. Whie this added to the incrementa cost of diesdl (gpproxi-
mately 0.9 fenliter,) it may be that the additiond codts are not prohibitive, given the dready am
bitious gods for fud qudity improvement and the rdatively low capital condruction cogsin
China Thiswill be an important policy issue; in an eraof economic growth and competing de-
mands on capital, what are the true costs and benefits of fud reformulation, and how will plans
and programs be adopted and implemented?
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