
Chinese Journal of Chemical Engineering 25 (2017) 202–210

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

j ourna l homepage: www.e lsev ie r .com/ locate /CJChE
Process Systems Engineering and Process Safety
A novel model for multi-plant mixed heavy crude oils refinery planning
Xiaoqiao Huang 1, Yangdong Hu 2,⁎, Lijuan Song 1,3, Yuzhen Zhang 1, Dongkui Chen 4

1 College of Chemical Engineering, China University of Petroleum (East China), Qingdao, 266100, China
2 College of Chemistry and Chemical Engineering, Ocean University of China, Qingdao 266100, China
3 Liaoning Key Laboratory of Petrochemical Engineering, Liaoning Shihua University, Fushun 113001, China
4 PetroChina Qinhuangdao Fuel Oil Asphalt Co., Ltd, Qinhuangdao 066000, China
⁎ Corresponding author.
E-mail address: ydhuhd@ouc.edu.cn (Y.D. Hu).

http://dx.doi.org/10.1016/j.cjche.2016.07.017
1004-9541/© 2016 The Chemical Industry and Engineerin
a b s t r a c t

In this paper, multi-refinery using the same heavy crude oils as raw materials is studied, while a new nonlinear
a r t i c l e i n f o
Article history:
Received 15 April 2016
Received in revised form 31 July 2016
Accepted 31 July 2016
Available online 13 August 2016

Keywords:
model for mixed heavy crude distillation is proposed. In practical crude distillation operation, the distillate yield
and product distribution of distillation units are different due to their various equipment and operating
parameters, even the same ratio of raw materials is provided, so different process models for multi-refinery
planning is therefore required. For process modeling, the relationships between total yields and mixing ratio of
different refineries were determined, which is combined with process simulation using production data. Then,
the yields and properties of crude distillation unit (CDU) fractions were calculated with the use of true boiling
point (TBP) curves and property curves respectively when the initial cutting temperatures were given. Finally,
in order to maximize the economic benefit of distillation, the optimal product distribution and the best mixing
ratio of crude oil were calculated under the constraints of different properties of fractions. Comparing to previous
models, the proposed model takes the influence of different refinery parameters on production process into
account, while avoiding the complex process for determining the cutting points, which is considered more effi-
cient and more accurate with respect to heavy crude refinery. Model was successfully verified by a case study,
allowing a significant improvement of the refinery profit to be achieved.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Process modeling is the basis for refinery optimizing planning,
which includes two types of models: rigorous and empirical models
[1]. In rigorous methods, crude oil is divided into dozens of pseudo-
components [2]. Each pseudo-component is considered as a pure
component. The CDU is modeled thereafter by solving material
equations, phase equilibrium equations, normalization equations and
enthalpy balance equations. Although accurate results for processing
units canbe obtained by using rigorousmodels, their complexity and te-
dious calculations prevent them frombeing regularly applied in refinery
planning [3,4].

Empirical methods include fixed yield method, Watkins method,
Lin Shixiong method, swing-cut model, etc. In fixed yield method,
yields and properties of CDU fractions are considered as constant
[5,6]. The total production is the combination of each fraction at
identical temperature range. In Watkins and Lin Shixiong methods,
empirical correlations are employed to establish both mass and en-
ergy balances for the CDU [7,8]. Depending on the true boiling
g Society of China, and Chemical Ind
point data (TBP) of crude oil, operating modes and product ASTM
data, the lower and upper bounds for the TBP cut points can be esti-
mated. In swing-cut model, several swing cuts are defined between
two adjacent fractions, i.e., gross overhead (GO) and heavy naphtha
(HN). A swing cut can be moved to its adjacent heavier or lighter
distillate, which is determined by different operating modes [9,10].
Zhang et al. highlighted the conventional swing-cut model consider-
ing the existence of fractions with the same qualities swinging
between adjacent cuts using a volume ratio on crude-oil feed [11].
Li et al. determined the upper and lower bounds for the yields
based on different operational modes in the distillation tower [12].
Menezes et al. required corresponding light and heavy swing-cuts
with appropriately varying qualities to better predict quantities
and qualities for the distilled products [13].

In Watkins and swing-cut models, product American Society for
Testing Materials (ASTM) boiling ranges should be converted into TBP
boiling ranges, while the latter are always overlapping in the case of
two adjacent CDU fractions. The TBP cut-point is therefore defined as
the mid-point of the TBP overlapping temperatures. Procedures of
these methods are as shown in Fig. 1. Typically, association graphs or
empirical data are required to complete this process, causing complex
and inaccurate operations. In addition, utilization of the initial boiling
ustry Press. All rights reserved.



ASTM boiling ranges  
of CDU fractions 

TBP boiling ranges 
of CDU fractions 

Calculate weight ratios of CDU 
fractions 

Calculate optimized weight 
ratios of CDU fractions  

Calculate upper and lower 
bounds of CDU fractions or 

swing-cuts range 

Calculate properties of CDU 
fractions 

Fig. 1. Procedure for Refinery process models by Watkins and swing-cut models.
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point and the end point respectively to represent the nature of the
product is considered to be inaccurate as well.

The main product of heavy crude oil refining is asphalt, which
accounts for approx. 60% of the total production. Both cutting point
and cutting range of light fractions vary greatly with light oil. Differ
from the light oil refining, the quality control of the vacuum residuum
(asphalt), represented by penetration and ductility, is essentially re-
quired. However, both penetration and ductility are difficult in connec-
tion with other physical properties. In this paper, based on the method
adopted in production, the asphalt quality is dominated by controlling
the total yield. At the same ratio of crude oil, both the total yield and
the product distribution vary with different atmospheric, vacuum
equipment parameters and operating parameters. It is therefore
necessary to establish a new model for multi-plant mixed heavy crude
oil refinery.

2. Multi-refinery Planning Model

Based on the characteristics of heavy crude oil refinery, a novel
model for mixed heavy crude refinery and multi-plant planning is
proposed (Fig. 2). Detailed steps of model procedure are given as
follows:

(1). The relationship of each refinery between total yield and mixing
ratio is determined by plant and simulated data. As the residue of
vacuum distillation, asphalt is the main product of heavy crude
oil refinery, whereas the quality ofwhich is difficult to be directly
predicted. Based on production experience, a simple and practi-
cal approach is derived by controlling the total light fraction
yield to control the quality of asphalt. The total yield includes
all light fractions yields of atmospheric and vacuum distillation,
and the relationship of which between different mixing ratios is
obtained by regression analysis of the plant data. In case of an in-
sufficient plant data, rigorous simulation data is expected to be a
good supplementary. In light oil refining, step 1 can be omitted if
there is no quality requirement for the vacuum residue.
(2). As long as both initial value of mixing ratio and TBP boiling
ranges are given, yields of CDU fractions can be calculated by
TBP fitted curves, while properties can be calculated by property
fitted curves. The cutting temperature and cumulative yield of
each crude oil can be obtained by crude oil evaluation data. For
mixing oil refinery, the final yield of a product can be expressed
by a sum of the yield of each crude, in combination with mixing
ratio. The yield of the last light fraction can be derived by a differ-
ence of the total yield and other light oil products yield. The
properties of narrow fractions can also be obtained from the
crude oil evaluation data. However, a light product might be
composed of multiple or part of narrow component. In this
case, calculation of the property of a certain product is possible
only by converting narrow component data into the relationship
between the cumulative property and the cumulative yield.

(3). Determining whether the product properties conform to the re-
quirements. If not, adjust the TBP boiling ranges of CDU fractions.
Combining with the economic model and constraint equations,
optimized mass of CDU fractions can be obtained.

(4). Adjusting mixing ratio of crude oils to get the optimal value.

To demonstrate the process of modeling, a refining company which
consists of four local refineries, i.e., A, B, C and D, is used as an example.
The main crudes are Merey crude oil (MR) and Boscan crude oil (BSK)
with density of 0.9561 g·cm−3 (20 °C) and 0.9974 g·cm−3 (20 °C),
respectively. Fractions with temperature greater than 500 °C are
accounted for 48.89wt% and 64.32wt%, respectively. Themain products
are heavy traffic paving petroleum asphalt and modified asphalt [14].
Light CDU fractions are light gasoline (LG), heavy gasoline (HG), light
distillate (LD), heavy distillate (HD) and diesel oil (DO). The mixing
ratio is mole ratio or mass ratio of MR and BSK. But in this paper, to
facilitate calculation and expression, mass fraction of MR is used as the
mixing ratio.

2.1. Determination of total yield curve

Simulation of the CDUwas performed by implementing the pseudo-
component method in process simulation software, Aspen. For petro-
leum refining, the most commonly used property model is BK-10. By
inputting sort and quantity of crude oil, TBP, API data, equipment and
operating parameters of atmospheric, vacuum tower, atmospheric,
vacuum furnace and the amount of each side product, the temperature
profile of atmospheric/vacuum tower and product composition are
obtained. Giving a ratio of MR and BSK as 7:3, both yield and product
distribution of each refinery are listed in Table 1.

As shown in Table 1, despite an identical mixing ratio being applied,
the total yield and the product distribution of each refinery are different.
Therefore, the plant equipment and operating parameters on the influ-
ence of the refining process must be considered. Different process
models are hence required for multi-refinery planning.

By varying the input composition of crude oil, the relations between
total distillation yield and the amount of product at different mixing ra-
tios were obtained. The relations between total yield and mixing ratio
were derived from these simulation data, given by Eqs. (1)–(4) and
Fig. 3.

yieldA ¼ 0:0298 � tan 2:3245 � x−332975160:3774ð Þ þ 0:3314 ð1Þ

yieldB ¼ 2:8141−2:6428 � xþ 3:5527 � x0:5−4:1283 � lnx=x−3:3274=x1:5

ð2Þ

yieldC ¼ − 69819:8729= 1þ exp x−0:5925ð Þ=0:05313½ �ðf g
= 438175:6013 � exp xð Þ½ � þ 0:3856

ð3Þ
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yieldD ¼ 0:3449þ 0:316 � lnx−0:1401 � x � lnx−0:0542 � lnxð Þ ð4Þ

2.2. Calculate CDU fractions' distribution

The TBP data of crude oil can be experimentally obtained. Using the
data fitting method, accumulative yield and cutting temperature math-
ematical Eqs. (5),(6) are derived. Curves of accumulated yield over TBP
of MR and BSK are shown in Fig. 4.

yieldMR ¼ −1:5294� 10−5−17:4478T0:5 þ 6:1943T−0:8944T1:5

þ 0:06650T2−0:002607T2:5 þ 4:5512� 10−5T3−7:1097
� 10−9T4 ð5Þ
Table 1
When MR:BSK = 7:3, yield and product distribution of each refinery

A B C D

LG/wt% 4.50 5.38 5.02 5.23
HG/wt% 14.00 17.08 13.86 0
LD/wt% 8.00 2.01 10.12 19.25
HD/wt% 7.00 9.81 5.21 4.13
DO/wt% 0.50 1.73 0.59 1.55
Total yield/wt% 34.00 36.00 34.80 30.16
yieldBSK ¼ −1:4686� 10−7−14:6971T0:5 þ 5:2113T−0:7511T1:5

þ 0:05571T2−0:002177T2:5 þ 3:7859� 10−5T3−5:8585
� 10−9T4 ð6Þ

Accumulative yield of crude oil k under cutting temperature Ti can be
expressed as follows:

yieldk;i ¼ f k Tið Þ ð7Þ

When two or more property similar crude oils are mixed, the mix-
ture yield can be approximated by additive calculation. Yield of CDU
fraction i is:

yieldi ¼
X

k
yieldk;i−yieldk;i−1
� � � xi ð8Þ

When i=1,

yield1 ¼
X

k
yieldk;1 ð9Þ

Mass of CDU fraction i in refinery j is:

mi; j ¼ F j � yieldi; j ð10Þ



Fig. 3. Relationships between total yield and mixing ratio for each refinery.

205X.Q. Huang et al. / Chinese Journal of Chemical Engineering 25 (2017) 202–210
Mass of asphalt in refinery j is:

masphalt; j ¼ 1−αð Þ � F j−
X

i
mi; j ð11Þ

2.3. Calculate properties of CDU fractions

Cutting temperatures of CDU fractions are determined by the con-
straints of product properties. In the process of heavy oil refining, den-
sity is considered the most important control indicator. Hence in this
paper, the constraint of density is used to determine the appropriate
cutting temperature. The density of CDU fractions can be calculated by
Fig. 4.MR and BSK relationships between acc
the density of narrow fractions. Both density of narrow fractions and
experimentally obtained yield are shown in Table 2.

Firstly, the density of narrow fractions is converted into the density
of cumulative fractions:

densityk;1 ¼ ρk;1 ð12Þ

densityk;2 ¼ yieldk;1 � ρk;1 þ yieldk;2−yieldk;1
� � � ρk;2

� �

= yieldk;1=ρk;1 þ yieldk;2−yieldk;1
� �

=ρk;2
� �

ð13Þ
umulated yield and cutting temperature.



Table 2
Narrow fractions' density and yield

Temperature IBP - T1′ T1′ - T2′ … Ti−1′ - T1′ …

Density ρk ,1 ρk ,2 … ρk ,i …
Yield yieldk ,1 yieldk ,2 yieldk ,i
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densityk;i ¼ yieldk;i−1 � densityk;i−1 þ yieldk;i−yieldk;i−1
� � � ρk;i

� �

= yieldk;i−1=densityk;i−1 þ yieldk;i−yieldk;i−1
� �

=ρk;i

� �
ð14Þ

The relation between cumulative yield and density is obtained by
data fitting:

densityk;i ¼ f k yieldið Þ ð15Þ

When the cutting temperature is Ti−1 - Ti, the corresponding cumu-
lative yield and density is yieldk , i−1′ - yieldk , i′ ,densityk , i−1′ - densityk , i′ ,
the density of this fraction is:

ρ0
k;i ¼ yield0k;i−yield0k;i−1

� �
= yield0k;i=density

0
k;i−yield0k;i−1=density

0
k;i−1

� �

ð16Þ

When K kinds of crude oil is distilled, the mixture density can be
approximated by additive calculation.

ρ0
i ¼

X
k

yield0k;i−yield0k;i−1

� �
� xk

h i
=
X

k
yield0k;i−yield0k;i−1

� �
� xk=ρ0

k;i

h i

ð17Þ

Combined with the corresponding mixing rule, the other properties
can also be calculated by properties of narrow fractions.

The density regression equations of MR and BSK are listed in
Eqs.(18),(19), while fitting curves are shown in Fig. 5.

densityMR ¼ −2:9944� 10−8 þ 12:8307 yield0:5−95:9206 yield
þ 387:6200 yield1:5−899:2448 yield2

þ 1206:7522 yield2:5−872:4530 yield3

þ 263:1964 yield3:5 ð18Þ

densityBSK ¼ 3:6608� 10−5 þ 18:7907yield0:5−195:5611yield
þ 1100:9015yield1:5−3535:4243yield2

þ 6488:2574yield2:5−6329:0409yield3

þ 2543:2471yield3:5 ð19Þ
Fig. 5. Density fitting cu
2.4. Objective function, economic model and constraints

To maximize the total profit, constraints of crude oil purchases, feed
transfer,mass balance, product quality, and capacity are considered. The
objective function is given as follows:

Objective function:

Profit j ¼ pp j−cmaterial; j−ctransport; j−cprocess; j−qj ð20Þ

Economic model includes sales revenue, raw material purchase
costs, transport costs, operating costs and taxes.

Sales revenue:

pp j ¼
X

i
pi; j �mi; j ð21Þ

Rawmaterial purchase costs:

cmaterial; j ¼
X

k
cmatk � Feedj � xk; j ð22Þ

Transport costs:

ctransport; j ¼
X

k
ctrk � Feedj � xk; j ð23Þ

Operating costs:

cprocess; j ¼ cprocess; j;0 � Feedj ð24Þ

Taxes:

qj ¼
X
i

mi; j � taxconsumer;i � 1þ taxadditionalð Þ

þ
X

i≠asphalt

pi; j �mi; j−cmaterial; j

2
4

3
5 � VAT−

X
k

ctr kð Þ �mk; j � Ded
8<
:

9=
; � taxadditional

ð25Þ

2.5. Constraints

Constraints of feed transfer and process capacity are expressed as
follows; other constraints can refer to the corresponding literature [15]:

2.5.1. Feed transfer constraints
The viscosity of mixed oil should meet certain requirements to en-

sure that the crude oil can be normally pumped up by oil pump,
rve of MR and BSK.



Table 3
Density control in production

LG HG LD HD DO

A Lower
density/g⋅cm−3

0.73 0.84 0.90 0.93 Not control

Upper
density/g⋅cm−3

0.75 0.85 0.91 0.94 not control

B Lower
density/g⋅cm−3

0.71 0.83 0.90 0.92 Not control

Upper
density/g⋅cm−3

0.73 0.87 0.92 0.93 Not control

C Lower
density/g⋅cm−3

0.71 0.83 0.87 0.92 Not control

Upper
density/g⋅cm−3

0.745 0.86 0.92 0.938 Not control

D Lower
density/g⋅cm−3

0.71 0.87 – Not control –

Upper
density/g⋅cm−3

0.76 0.89 – Not control –

Table 4
Calculated cut-points by Watkins

LG/HG HG/LD LD/HD HD/DO DO/BR

A's cut-points/K 416 524 542 638 721
B′s cut-points/K 422 478 575 644 686
C′s cut-points/K 434 525 605 633 733
D's cut-points/K 460 583 – 636 679

207X.Q. Huang et al. / Chinese Journal of Chemical Engineering 25 (2017) 202–210
which in turn limits the high viscosity oil at a relatively lowmixing ratio.
For heavy oil mixing, Cragoe viscosity correction model I can be used
[16].

μm ¼ 5� 10−4 exp 1000 ln20=Lmð Þ ð26Þ

Lm ¼
Xn

i¼1
XiLi þ

Xn−1

j¼1

Xn

k¼ jþ1
CjkX jXk ð27Þ

Li ¼ 1000 ln20= lnμ i− ln 5� 10−4
� �h i

ð28Þ

Cjk ¼ 2 2Ljk−Lj−Lk
� � ð29Þ

Ljk ¼ 1000 ln20= lnμ jk− ln 5� 10−4
� �h i

ð30Þ

where μi is viscosity of crude i, μjk is viscosity of two crude oil with
mixing ratio of 1:1.

2.5.2. Process capacity constraints
By changing the mixing ratio of crude oil, the vapor–liquid load of

distillation towers varies accordingly. As long as more light oils are
applied, the atmospheric tower load increases, whereas the vacuum
tower load decreases. In this case, production capacity of equipment is
limited and, as a consequence, the load cannot reach the design value.

Lower and upper limits of atmospheric tower vapor load in plant j
are:

Wa;min; j ≤ wa; j ≤ Wa0 max; j ð31Þ

wa; j ¼ 1þ deð Þ �
X

i
ma;i; j ð32Þ

where ma,i ,j is the mass of atmospheric tower distillate and de is over-
flash degree.

Lower and upper limits of vacuum tower vapor load in plant j are:

Wv;min; j ≤ wv; j ≤ Wv;max; j ð33Þ

wv; j ¼ 1þ deð Þ �
X

i
mv;i; j ð34Þ

where mv,i ,j is the mass of vacuum tower distillate.
The aforementioned mathematical model for the refinery planning

is composed of a nonlinear planning model, which can be solved by
nonlinear programming (NLP) optimization algorithms. In this paper,
the refinery planning model is formulated in 1stOpt 6.0 and solved by
differential evolution solver.

3. Case Study

In this section, the accuracies of Watkins method and the method
proposed in this paper are compared. Each refinery (plant level) and
the entire company (company level) have been optimized.

3.1. Comparison with Watkins method

Using Watkins method and the method proposed in this paper, the
factory A, B, C and D's product distribution and product density are cal-
culated.MR and BSKmixing ratios of plant A, B and C are 0.4,while plant
D is 0.55. Density range of each fraction is shown in Table 3. TBP cutting
points calculated by Watkins using product ASTM data are shown in
Table 4. The calculation results are shown in Table 5.
From Table 5, remarkable differences have been found in total yields
and product distributions derived byWatkinsmethod comparing to the
actual plant data. Besides, most of product densities cannotmeet the re-
quirements. By contrast, the results that are obtained by the proposed
method in this paper are in excellent agreement with the plant data.
Also, yield of each light fraction has been optimized to achieve a maxi-
mum benefit. Although the calculated product distributions are not
completely the same as compared to the plant data, the densities are
still within the range of product index requirements.

3.2. Plant level optimization

Using mixed heavy crude refinery and multi-plant planning model,
optimized product distribution and mixing ratio of refinery A, B, C and
D were calculated. Material prices, product price, transport and process
costs are shown in Table 6. Light fractions' consumer tax is shown in
Table 7. Additional tax is 12%. The results are shown in Tables 8–11.

As seen from Tables 8–11, the total yields of different refineries,
under differentmixing ratio, can be accurately calculated by introducing
the new planning model. Based on both product density requirements
and the maximum benefit, optimal product distributions are obtained.
The lighter fraction will bring more benefits, so their yields are in-
creased and the heavier decreased after the optimization.

The optimized mixing ratio varies with different refinery. When MR
ratio is high, more light oil can be distilled at high MR ratio, whereas
raw material costs are relatively increased. For the increased product
benefits that are greater than the raw material costs, the mixing ratio of
MR can be improved. The optimalmixing ratio is affected by both product
price and tax with changing of the rawmaterials price. Table 12 indicates
the impact of oil price changes on the optimal mixing ratio.

Mixing ratio of MR decreases with increasing of MR price, whereas
the rate of change for each plant is different. As can be seen from
Fig. 3, the relations between total yields and mixing ratio of plant C
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Table 6
Economic parameters of plant A, B, C and D

A B C D

MR/CNY·t−1 4370 4370 4370 4370
BSK/CNY·t−1 4092 4092 4092 4092
LG/CNY·t−1 7240 7100 7000 7000
HG/CNY·t−1 7390 7210 7300 7200
LD/CNY·t−1 6450 6600 6650 –
HD/CNY·t−1 5900 6450 5850 6400
DO/CNY·t−1 5450 5400 5500 5500
Asphalt/CNY·t−1 4300 4100 4200 4300
Transport cost/CNY·t−1 110 110 110 110
Operating cost/CNY·t−1 210 185 215 195

Table 7
Light fractions' consumer tax

Light fraction Consumer tax/CNY·t−1

LG 1282
HG 812
LD 812
HD 812
DO 812
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and D are closed to linear. Therefore, according to the characteristics of
linear programming, optimal values can easily reach the endpoint. On
the contrary, the total yield curves of A and B are completely nonlinear,
causing a moderate change of the mixing ratio with the price.

3.3. Company level optimization

The proposed model also can be used for the entire company plan-
ning optimization. According to market demand for asphalt, to make
maximum benefit of the entire company, the refinery production
tasks need to be optimized. In this case, the asphalt market is divided
into four sales regions. Region 1 to 4 is corresponds to refineries A, B,
C and D, respectively. Different sales costs are needed for sale to differ-
ent regions. If it is optimization for each refinery, asphalt can only be
sold in the corresponding sales area. But during entire company plan-
ning optimization, asphalt can be sold across the region. Table 13
shows the market demands for each sales region. Table 14 shows the
selling expenses in each sales region.

Table 15 shows asphalt sales in different region during entire com-
pany planning optimization.

As can be seen from the Table 15, refinery A, B and C′s asphaltwill be
sold in region 4. This is because A, B and C have a better performance, to
obtain greater benefits, A, B and C′s production tasks are increased, and
D decreased. The comparison of company level and plant level optimi-
zation of the refinery planning is shown in Table 16.

As can be seen from Table 16, the company-level optimization can
further improve the benefit of crude oil refinery. The total profit is
increased by 11.6% in this case.

4. Conclusions

In this paper, the process of multi-plant mixed heavy crude oil refin-
ery was studied, and a novel nonlinear planning model was proposed.
The main conclusions are as follows:

(1). Apart from the effect of product and rawmaterial properties, the
influence of CDU equipment and operating parameters should
also be taken into account during the crude oil refining process
modeling. The same ratio of raw materials, total yield and prod-
uct distribution are not the same. The process model of different
refinery should be established separately. For different refineries,
process model should be developed respectively due to different
total yields and product distributions at the same rawmaterials.



Table 8
Comparison of refinery A's plant data and optimal value

0.7 0.6 0.5 0.4 0.4

Plant data Optimal value Plant data Optimal value Plant data Optimal value Plant data Optimal value Optimal ratio

Total yield/wt% 34.00 34.05 33.70 33.55 33.10 32.92 32.10 32.67 32.67
LG/wt% 4.50 4.88 4.10 4.56 3.50 4.12 3.70 3.96 3.96
HG/wt% 14.00 15.01 13.7 13.98 10.5 11.93 10.50 11.84 11.84
LD/wt% 8.00 7.95 6.90 8.64 9.80 9.27 9.70 9.81 9.81
HD/wt% 7.00 5.60 8.42 6.06 8.51 6.98 7.55 7.03 7.03
DO/wt% 0.50 0.61 0.58 0.31 0.54 0.62 0.65 0.03 0.03
Asphalt/wt% 65.60 65.55 65.90 66.05 66.50 66.68 67.50 67.48 67.48
Profit/CNY·t−1 91.1 97.4 92.0 108.5 105.2 118.8 108.7 127.4 127.4

Table 9
Comparison of refinery B′s plant data and optimal value

0.7 0.6 0.4 0.3 0.84

Plant data Optimal value Plant data Optimal value Plant data Optimal value Plant data Optimal value Optimal ratio

Total yield/wt% 36.00 36.00 33.70 33.70 30.93 30.93 28.63 28.63 38.60
LG/wt% 5.38 6.12 4.71 5.73 3.84 4.86 3.57 4.29 6.55
HG/wt% 17.08 19.80 15.35 17.38 14.11 14.62 13.71 12.88 21.21
LD/wt% 2.01 0.72 2.46 0.67 1.015 2.47 1.39 2.29 0.77
HD/wt% 9.81 8.63 9.91 9.24 10.60 8.35 8.26 8.59 9.25
DO/wt% 1.73 0.72 1.48 0.67 1.37 0.62 1.70 0.57 0.77
Asphalt/wt% 62.75 62.71 65.00 65.01 67.80 67.80 70.10 70.08 60.15
Profit/CNY·t−1 70.0 95.4 59.5 77.9 44.0 73.6 35.6 54.7 104.9

Table 10
Comparison of refinery C′s plant data and optimal value

0.7 0.6 0.4 0.3

Plant
data

Optimal
value

Plant
data

Optimal
value

Plant
data

Optimal
value

Optimal
ratio

Total yield/wt% 34.80 34.81 34.30 34.35 33.10 32.98 32.29
LG/wt% 5.02 5.87 4.89 5.15 4.01 3.30 3.42
HG/wt% 13.86 15.73 14.53 15.46 14.32 14.84 14.43
LD/wt% 10.12 9.21 10.20 9.62 9.87 8.83 9.04
HD/wt% 5.21 3.50 4.21 3.43 4.54 4.03 4.72
DO/wt% 0.59 0.50 0.47 0.69 0.36 1.98 0.68
Asphalt/wt% 64.55 64.53 65.01 65.01 66.50 66.60 67.28
Profit/CNY·t−1 89.6 115.9 120.1 131.8 142.0 155.2 168.2

Table 11
Comparison of refinery D's plant data and optimal value

0.7 0.6 0.55 1.0

Plant
data

Optimal
value

Plant
data

Optimal
value

Plant
data

Optimal
value

Optimal
ratio

Total yield/wt% 30.16 30.12 28.74 28.96 28.48 28.48 34.5
LG/wt% 5.23 7.33 5.65 7.24 6.44 6.86 8.64
HG/wt% 23.38 20.17 21.04 20.85 20.1 20.0 24.87
HD/wt% 0 1.72 2.05 0.87 1.94 1.54 0
DO/wt% 1.55 0.90 0 0 0 0 1.04
Asphalt/wt% 69.78 68.59 69.78 69.76 70.03 70.3 64.17
Profit/CNY·t−1 26.7 28.8 22.1 48.7 33.5 43.8 53.6

Table 12
Impact of oil price changes on the optimal mixing ratio

Price/CNY·t−1 MR 4170 4270 4370 4420 4470

BSK 4092 4092 4092 4092 4092

Optimal mixing ratio A 0.81 0.42 0.40 0.34 0.30
B 1.00 0.90 0.84 0.37 0.37
C 1.00 0.30 0.30 0.30 0.30
D 1.00 1.00 1.00 0.39 0.35
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(2). In thenewmodel, the total yieldwasprimarily determined based
on production and rigorous simulation data. Both yields and
properties of light fractions were thereafter calculated by the
crude TBP data together with the narrow component property
data. Taking maximum economic benefit as objective function,
mixing ratio and product distribution were optimized. The
proposed model presented higher efficiency and accuracy for
heavy oil refining process comparing to the previous models.

(3). Using this model, each refinery and the entire company can be
optimized, and the optimal production task, product distribution
and mixing ratio can be gotten, which will be very useful for im-
proving the profit of refinery.
Table 15
Asphalt sales in different region

Region 1 Region 2 Region 3 Region 4

A/t·month−1 108000 0 0 13464
B/t·month−1 0 54000 0 135
C/t·month−1 0 0 43200 5241.6
D/t·month−1 0 0 0 35159.4
Total sales/t·month−1 108000 54000 43200 54000

Table 14
Selling expenses in each sales region

Region 1 Region 2 Region 3 Region 4

A/CNY·t−1 20 40 45 60
B/CNY·t−1 45 20 40 50
C/CNY·t−1 45 40 20 50
D/CNY·t−1 60 55 50 20

Table 13
Asphalt market demands for each sales region

Region 1 Region 2 Region 3 Region 4

Demand/t·month−1 10800 54000 43200 54000



Table 16
Comparison of company level and plant level planning optimization

A B C D

Company level Plant level Company level Plant level Company level Plant level Company level Plant level

Crude oil/t·h−1 250.00 222.29 125.00 124.69 100.00 89.18 76.10 116.88
LG/t·h−1 9.90 8.80 8.19 8.17 3.42 3.05 6.58 10.10
HG/t·h−1 29.60 26.32 26.52 26.45 14.43 12.87 18.93 29.07
LD/t·h−1 24.52 21.81 0.96 0.96 9.04 8.06 – –
HD/t·h−1 17.58 15.63 11.56 11.53 4.72 4.21 0 0
DO/wt% 0.08 0.07 0.96 0.96 0.68 0.61 0.79 1.22
Asphalt/t·h−1 168.70 150.00 75.19 75.00 67.28 67.28 48.83 75.00
Capacity 1.0 0.889 1.0 0.998 1.0 0.892 0.609 0.935
Profit × 10−4/CNY·h−1 2.77 2.39 1.16 1.06 1.52 1.32 0.31 0.39
Total profit × 10−4/CNY·h−1 5.76 (company level)/5.16 (plant level)

210 X.Q. Huang et al. / Chinese Journal of Chemical Engineering 25 (2017) 202–210
Nomenclature
Cjk parameter in Cragoe viscosity correction model I
cmaterial, j raw material purchase costs of refinery j, CNY·t−1

cprocess, j operating costs of refinery j, CNY·t−1

ctransport, j transport costs of refinery j, CNY·t−1

de over-flash degree
Ded deduction rate of crude transport cost
densityk , i accumulative density of crude oil k under cutting tempera-

ture Ti, g·cm−3

Fj crude oil mass flow rate of refinery j, t·h−1

Li viscosity function of crude oil i
Ljk viscosity function of crude oil j and k mixing in 1:1
Lm viscosity function of mixed crude
ma,i ,j mass of atmospheric tower distillate, t·h−1

masphalt,j mass of asphalt in refinery j, t·h−1

mi ,j mass of CDU fraction i in refinery j, t·h−1

mv,i ,j mass of vacuum tower distillate, t·h−1

ppj sales revenue, CNY·t−1

Profitj profit of refinery j, CNY·t−1

qj tax of refinery j, CNY·t−1

Ti cutting temperature of CDU fraction i, K
Ti′ cutting temperature of narrow fraction i, K
taxconsumer,i consumer tax of CDU fraction i, CNY·t−1

taxadditional additional tax
Wa , max , j upper limits of refinery j atmospheric tower vapor load,

t·h−1

Wa, min , j lower limits of refinery j atmospheric tower vapor load,
t·h−1

Wv, max , j upper limits of refinery j vacuum tower vapor load, t·h−1

Wv, min , j lower limits of refinery j vacuum tower vapor load, t·h−1

wa,j vapor load of refinery j atmospheric tower, t·h−1

wv,j vapor load of refinery j vacuum tower, t·h−1

xk mixing ratio of crude k
yieldi yield of CDU fraction i, wt%
yieldk ,i accumulative yield of crude oil k under cutting temperature

Ti, wt%
VAT added-value tax
α processing loss rate
μi viscosity of crude i, Pa·s
μ jk viscosity for two crude oil mixing in 1:1, Pa·s
μm viscosity of mixed crude, Pa·s
ρ i′ fraction i density, g·cm−3

ρk ,i density of narrow fraction i distilled by crude k, g·cm−3

ρk ,i′ density of fraction i distilled by crude k, g·cm−3
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