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Cheyenne Yield Improvement Project – Recovering Maximum Diesel from 
Crude Oil Fractionation Process at Frontier Oil’s Cheyenne Refinery 

 
Introduction 
 
Frontier Refining Company’s (FRC) Cheyenne refinery has a permitted crude 
capacity of 52,000 BPSD, with a relatively heavy crude slate. FRC determined 
that they were losing a substantial amount of diesel in their AGO (Atmospheric 
Gas Oil) and LVGO (Light Vacuum Gas Oil) products. This was very 
uneconomical for the refinery since they were gas oil long, and excess gas oil 
had to be transported out of the refinery for further processing. In late 2005 FRC 
commissioned Koch Partners L.P. to perform a study for recovery of the diesel 
from these two streams. 
 
Initial Data Review 
 
The initial thoughts were that poor fractionation was occurring in the crude tower 
that left a significant amount of diesel in the AGO and atmospheric bottoms, with 
the diesel fraction in the atmospheric bottoms eventually ending up in the LVGO 
stream.  
 
The reported distillation data for the products are shown in Table 1. 
 
Table 1 – Refinery Reported D-86 Distillation Data for AGO and LVGO 

 

D-86 Distillations (LV%) 

AGO 

(˚F) 

LVGO 

(˚F) 

IBP 479 423 

5%  572 473 

10%  591 501 

20%  617 538 

30%  641 567 

40%  660 599 

50%  677 629 

60%  692 664 

70%  708 704 

80%  727 742 

90%  N/A 766 

 
As can be seen from Table 1, relatively large portions of the AGO and LVGO are 
diesel boiling range material. Typical diesel cutpoints are in the 650 ˚F range, 
with a 640 ˚F ASTM D-86 90 vol% as a typical specification. 
 
A simulation of the crude/vacuum unit was undertaken to quantify the operating 
results. It is important to note that a test run with data reconciliation was not 
performed and therefore the simulation results presented herein are not on an 
“apples to apples” basis with the reported performance data.  
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The simulation results of the crude and vacuum AGO and LVGO products are 
shown in Table 2.  
 
 
Table 2 – Simulation Results of AGO and LVGO Products 

 

D-86 Distillations (LV%) 

AGO 

(˚F) 

LVGO 

(˚F) 

IBP 466 451 

5%  544 517 

10%  565 538 

30%  614 576 

50%  645 606 

70%  668 635 

90%  711 689 

95%  729 715 

FBP 770 779 

 
Note - ASTM D-86 lab results tend to have some reporting error at elevated temperatures due to 
cracking. Correction due to cracking was not applied to the results. 

 
Qualitatively these results show similarities to the reported data. The LVGO 
stream shows to have a slightly lighter front end than the AGO, and both streams 
have substantial amounts of diesel boiling range material. Based on these results 
it was concluded that the crude tower was performing near predicted 
expectations, but performance was less than desirable.  
 
The obvious question is why is there so much diesel being lost to these streams? 
Let’s examine each of these streams individually. 
 
AGO Stream 
 
The Cheyenne crude tower has only three actual trays between the diesel draw 
and the AGO pumparound return for fractionation. Another significant factor 
contributing to poor separation is very low liquid rates in the diesel/AGO 
fractionation trays. The low liquid rates are due to high heat recovery in the AGO 
pumparound, that in-turn reduces the internal reflux flowing down from the diesel 
section of the tower.  The low number of fractionation trays and low liquid rates 
on those trays result in poor, but largely predictable, fractionation. What if higher 
fractionation tray liquid loads could be achieved? Table 3 shows the theoretical 
effect of higher tray liquid rates on AGO quality and quantity.  
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Table 3 – Comparison of Liquid/Vapor Internal Reflux on AGO Quality 

 

 Base 
Higher L/V Internal 

Reflux (1&2) 

AGO Total Flow, BPSD 1499 530 

Diesel Content, % 650 ˚F and Lower, 

TBP, ˚F 47.83 28.86 

Diesel Fraction Flow Rate, BPSD 717 153 

L/V Ratio, Stage above AGO P/A Return, 
molar 0.039 0.110 

 
(1) Diesel D-86 90% point is higher than base case, since there was adequate liquid to keep the 
diesel/AGO fractionation stages from going dry. 
(2) This case is the theoretical maximum achievable Liquid/Vapor ratio, with no AGO 
pumparound duty. 
 

LVGO Stream 
 
Does a heavy crude oil behave differently than a lighter crude oil that 
consequently affects the amount of diesel material that is recovered in LVGO? 
 
Figure 1 compares the TBP curve of a typical 34 ˚API West Texas Sour (WTS) 
crude oil, with that of the combined 25 ˚API crude slate for Frontier’s Cheyenne 
refinery. Table 4 shows the theoretical distillate yields based on typical TBP 
cutpoints. 
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Figure 1 – Cheyenne Mixed Crude Oil Slate vs. Typical West Texas Sour TBP Curve 

 

CRUDE OIL TBP COMPARISON

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60 70 80

VOL% DISTILLED

T
B

P
 (

F
)

Cheyenne

WTS

 
 

 
Table 4 – Cheyenne Mixed Crude Oil Slate vs. Typical West Texas Sour TBP Cutpoint Yield 
Comparison 

 

 

TBP Cutpoints, 

˚F 
WTS 

(vol%) 
Cheyenne 

(vol%) 

Naphtha IBP-375 27.8 22.9 

Kerosene 375-500 12.2 7.5 

Diesel 500-650 14.8 12.6 

AGO/LVGO 650-750 10.4 8.4 

HVGO 750-1000 15.6 19.9 

Vac Resid 1000 F+ 19.3 28.7 

 
 
The flash zone and bottoms stripping section of the atmospheric crude tower was 
simulated with the two crudes at similar conditions of temperature, pressure, 
stripping steam (in terms of lbs of steam per bbl of bottoms), overflash, and a 
pre-flash drum. The amount of diesel that is left in the atmospheric tower bottoms 
is a function of the amount of flash that is obtained at the flash zone conditions, 
along with the effect of stripping steam. Figure 2 shows the simulation results for 
the atmospheric tower bottoms of the two crudes.  
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Figure 2 – Comparison of WTS/Cheyenne Atmospheric Bottoms Distillation 
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An interesting but logical conclusion is made from this comparison. The vapor 
pressure and equilibrium in the flash zone and bottom of the crude tower is 
primarily due to the lighter components, with the heavier components exhibiting 
very little vapor pressure. The front end distillations of the atmospheric bottoms 
products for the two crudes are very close when nearly identical upstream flash 
conditions exist, even though the whole crudes are quite different in terms of 
composition and distillations.   
 
Improvements in diesel recovery in the atmospheric crude tower can be made by 
improving flash zone conditions such as higher temperature, lower pressure, or 
additional stripping steam. What this analysis illustrates is there are similar 
amounts of diesel components in the atmospheric bottoms (in terms of bbls of 
diesel per bbl of atmospheric bottoms) for the two different crudes.  
 
Furthermore, since heavier crudes typically have less diesel fraction, the 
percentage of the total diesel fraction that is lost to the atmospheric bottoms is 
also much higher. Table 5 illustrates this conclusion. 
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Table 5 – Comparison of Diesel Fraction Lost in Atmospheric Bottoms 

 
 WTS Cheyenne 

Vol% Crude as Atmospheric Bottoms 41.23% 57.24% 

Atmospheric Bottoms % TBP 650 ˚F and lighter 6.28% 5.85% 

Diesel Yield Lost as Pct of Crude 2.59% 3.35% 

Total Crude Diesel Fraction (TBP 500-650 ˚F) as Pct 

of Crude 14.80% 12.62% 

% of Diesel Fraction Lost to Atmospheric Bottoms  17.5% 26.5% 

 
In a typical vacuum tower with LVGO and HVGO (Heavy Vacuum Gas Oil) cuts, 
the majority of the diesel that is lost to the bottoms is recovered in the LVGO, but 
a relatively small amount is recovered in the HVGO since most refinery vacuum 
towers are not equipped with side strippers. Figure 3 shows a predicted TBP 
distillation of the LVGO and HVGO for Cheyenne under these conditions. The 
graph indicates that less than 5% of the HVGO stream is diesel boiling range 
material. 
 
Figure 3 – Simulated LVGO/HVGO TBP Distillations 
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Options Considered for Diesel Recovery 
 
Most of the previous discussion has been on why there was so much diesel 
being lost in the AGO and LVGO streams. What are the options for recovery of 
the diesel? 
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As can be seen from Table 3, modifications to the heat recovery and 
pumparound could have been investigated to increase the liquid traffic above the 
AGO pumparound return. This would significantly reduce the amount of diesel 
lost in the AGO product. However, this would do nothing to recover the diesel in 
the LVGO product. 
 
Let’s first consider a stand-alone fractionation unit. Refer to Figure 4 for a 
schematic of a potential stand-alone fractionation unit. 
 
Figure 4 – Stand-Alone Fractionation Schematic Flow Diagram 

 

 
 
 
In order to vaporize the diesel portion of the combined AGO/LVGO at a 
reasonably low temperature (below 700 ˚F) to minimize cracking and coking, the 
fractionation system must operate at a modest vacuum pressure. This would 
require tying into the existing vacuum system, or perhaps a new single stage 
vacuum system such as a liquid ring vacuum pump. Additionally, it would require 
a charge heater, which is not unusual, but not desirable due to the capital cost, 
utility costs, emissions, and permitting issues. Avoiding the installation of a new 
fired heater is preferred if other alternatives exist. A minimum of at least eight 
pieces of major equipment would be required for the stand-alone fractionation 
unit. 
 
Table 6 provides representative feed/product recoveries and properties for this 
stand-alone option.  
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Table 6 – Expected Feed/Product Yields from a Stand-Alone Diesel Fractionation System 

 

   
AGO 
Feed 

LVGO 
Feed 

Combined 
Feed 

Diesel 
Product 

LVGO 
Product 

Dry Total Std. Liq. 
Rate bbl/day 1500 2000 3500 1424 2075 

ASTM D86  ˚F           

  IBP   480 423 438 416 557 

5%   568 472 494 449 604 

10%   590 500 525 474 627 

30%   640 568 602 532 685 

50%   677 630 657 569 719 

70%   708 704 706 597 743 

90%   755 771 765 640 784 

95%   777 792 786 657 809 

  EBP   817 819 818 676 823 

TBP  ˚F           

  IBP   426 369 384 361 497 

5%   547 440 463 413 577 

10%   577 480 507 452 617 

30%   641 565 601 529 687 

50%   688 639 667 576 731 

70%   732 728 731 617 769 

90%   786 803 797 667 816 

95%   816 831 824 687 849 

  EBP   868 868 868 710 868 

 
 
Alternate to Stand-Alone Fractionation Unit 
 
Having a diesel fractionation section on a vacuum tower is not a new concept. In 
order to recover the diesel and reasonably fractionate the tail end, a diesel 
condensing pump-around zone and a diesel/LVGO fractionation zone is 
necessary for the top section of the vacuum tower. 
 
Adding a diesel fractionation zone to the existing vacuum tower would allow 
recovery of the diesel that was left in the atmospheric tower bottoms. The AGO 
could be routed to the atmospheric bottoms, or simply not withdrawn from the 
crude tower. In this particular case, the vacuum heater and the hydraulics of the 
vacuum tower flash/wash/HVGO zones were near operating limits, and there was 
no desire to add any additional load to those components. Therefore, putting 
AGO to the main vacuum tower feed was not considered a desired option. 
 
Investigation then focused on putting the AGO stream to the vacuum tower at a 
different location. Simulation studies were done feeding the hot AGO stream to 
the vacuum tower mixed with the HVGO pump-around return.  Feeding at this 
location does not increase the vacuum charge heater duty, nor does it increase 
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the peak hydraulic loadings in the flash /wash/HVGO zones of the vacuum tower. 
The AGO is fed to the vacuum tower hot, directly from the AGO stripper pump. 
Therefore the duty required to vaporize the diesel is low, and decreases the 
HVGO pump-around duty by a small amount. This design allows the recovery of 
the diesel fraction from both the AGO and atmospheric bottoms.  
 
Adding additional height to the vacuum tower was initially thought to be schedule 
prohibitive due to the required downtime for unit modifications. The initial design 
was to remove the LVGO internals in the vacuum tower, and install a new 
diesel/LVGO tower beside the vacuum tower to minimize downtime. Adequate 
plot space was available next to the vacuum tower. Most of the existing LVGO 
related equipment (pumps, pump-around exchangers, etc) could be re-used, 
which resulted in only the tower and a set of LVGO pumps for new major 
equipment required. The capital cost of this option would be significantly lower 
than that of the stand-alone fractionation unit that consisted of eight pieces of 
new major equipment, not to mention the utility and emissions savings, as well as 
the permitting issues with the fired heater.  
 
After the initial study was complete, FRC investigated the option of adding the 
new fractionation zone to the top of the existing vacuum tower, and concluded 
that it was feasible, and that the modifications could be completed in an 
acceptable time frame. The vacuum tower ended up in a more typical 
configuration. See Figures 5 and 6 for schematic diagrams for the diesel/LVGO 
tower configuration, and the final configuration. 
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Figure 5 – Diesel/LVGO Tower Configuration 
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Figure 6 – Final Configuration 
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Table 7 shows the flows, properties, and yields with respect to the diesel and 
LVGO product from the final design basis and resulting simulation. The new 
diesel recovery section was designed with a fairly significant design margin 
above expected rates. 
 
Table 7 – Final Design Basis Estimated Yields and Properties 

 

Stream Name   

Vacuum 
Diesel 

Product 
LVGO 

Product 

Dry Total Std. Liq. 
Rate bbl/day 2203 2000 

ASTM D86  ˚F     

  IBP   464 585 

5%   510 608 

10%   526 616 

30%   560 652 

50%   583 674 

70%   603 692 

90%   640 735 

95%   656 758 

  EBP   682 802 

TBP  ˚F     

  IBP   398 511 

5%   479 579 

10%   508 605 

30%   558 654 

50%   591 685 

70%   623 716 

90%   667 765 

95%   686 795 

  EBP   718 851 

 
Actual Performance  
 
The diesel recovery section has recovered 1300-1500 BPSD of diesel product in 
actual operation. The net economic benefit to Frontier Refining Company is on 
the order of $10/bbl as a diesel product vs. gas oil product. This translates to an 
increase in revenue of $4,500,000 per year with a corresponding project ROI of 
71%.  
 
If a refinery happens to be bottlenecked at the FCC, and all the LVGO and 
HVGO are fed to the FCC, then recovery of diesel in this manner could allow for 
higher crude oil throughput. 
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Conclusions 
 
Better atmospheric crude tower fractionation could significantly improve the 
diesel recovery from the AGO stream. However, with heavy crudes, there are 
significant amounts of diesel boiling range material that is in equilibrium with and 
leave with the atmospheric crude tower bottoms. In order to recover this material 
as diesel product, additional fractionation in the vacuum tower is a viable option. 
By introducing the AGO stream above the flash and HVGO zones of the vacuum 
tower, the diesel in the AGO stream can also be recovered without imposing 
additional hydraulic and thermal loads to the limiting sections of the vacuum 
tower system. In this particular case the economics for the project provided very 
good payout and return on investment for Frontier Refining Co. 
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