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Secure the best benefit from C4 hydrocarbon 
processing—Part 2: Economic evaluation

Summarizing the outcome of the technical evaluation in Part 1 
of this technical study (Hydrocarbon Processing June 2016), a tailor-
made process route should be chosen for proper C4 hydrocarbon 
processing to obtain the best benefits from case to case. Three 
different scenarios—Case 1, Case 2 and Case 3—were presented 
in Part 1; of these, Case 2 will be used as the reference case for 
this economic evaluation. The main objective of this case is the 
maximization of product diversity of C4 intermediate products.

C4 components are usually byproducts in the oil industry—
e.g., by ethylene/propylene production with a steam cracker 
(SC) unit or by heavy oil cracking using a fluid catalytic cracking 
(FCC) unit. Due to the increased awareness of both process 
economy and sustainability, the upgrading of these byproducts is 
becoming more and more of a focus for modern industry. Using 
the tailor-made configuration of process 
steps, it is possible to isolate almost all C4
components derived from SC and FCC 
streams; only cis- and trans-isomers of 
2-butene will remain as a mixture. All 
isolated C4 components can be further 
processed to high-value products. In FIG. 
1, the process routes based on FCC C4
feedstock (A) and SC C4 feedstock (B) 
are shown. Even though process routes 
are analogues after 1,3-butadiene removal, 
the composition of downstream product 
streams are quite different. The considered 
product routes are colored. The final 
products are methyl tertiary butyl ether 
(MTBE)/ethyl tertiary butyl ether 
(ETBE), methyl ethyl ketone (MEK), 
1,3-butadiene, butene-1, isobutane and 
n-butane.

Some upgrading steps may be needed 
where no value-added effect could be 
directly realized for some intermediate 
products within this operating sequence. 
Therefore, it is difficult to evaluate the 
process without a preceding deep technical 
consideration of the whole process design.

While Part 1 dealt with a detailed 
technical assessment of possible 
processing sequences, Part 2 will 
highlight the potential economic benefits 
of selected processing routes.

Selected process routes for economic evaluation. Various 
methods exist of evaluating economics, and some of these 
can be found in referenced literature.1,2 The focus here is not a 
precise economic study including singular investment costs, 
depreciation and interest services of a special plant setup, but 
rather the evaluation of multiple processing scenarios with regard 
to raw materials costs, product prices and utility costs for proper 
assessment of overall value chains.

It is important to select a representative price basis for all 
corresponding materials, since prices significantly differ by time 
and by location. To exclude the effects of the strong decline of 
crude oil prices in 2015–2016 (FIG. 2), the year 2014 was chosen 
as a price basis for raw materials, chemical intermediates and final 
products, as well as for utility costs, all on a European basis.
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FIG. 1. Selected routes of C4 hydrocarbon processing for economic evaluation.
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It was assumed that all plant assets were depreciated and interest 
services were no longer applicable. All mass flows and monetary 
values were normalized to achieve a more systematic and general 
evaluation of the results. Crude SC C4 and FCC C4 specifications, 
as shown in TABLE 1, were applied to the evaluated cases.

Specific values for the cost of utilities, such as cooling water, 

electricity, fuel oil, natural gas, process water and steam, were 
taken from relevant reports.4 In a few cases, where prices were not 
available, a reasonable price figure was estimated according to the 
value of the components.

This evaluation is focused on utility costs, which are a major part 
of operational expenditures (OPEX). Other expenses, such as staff 
costs, maintenance costs, insurance costs, etc., were not considered.

The normalized prices of C4-derived products are shown in 
FIG. 3. The basis for normalization was SC Raffinate 1 (marked 
as a green column), which has a slightly higher value than FCC 
Raffinate 1. The price index was defined as the ratio of the price 
of the corresponding component vs. the price of SC Raffinate 
1. The utility costs were based on standalone processes; no 
utility integration between different processes—e.g., steam or 
electricity production—was considered. Therefore, the results 
could be considered conservative.

Material balance and yield structure. Prices and margins 
were dependent on the component costs and the product 
amounts. Therefore, based on the Case A and Case B scenarios 
shown in FIG. 1, a detailed route analysis was conducted to 
determine the relevant yield structure and mass balance.

For better visualization, a special Sankey flow diagram was 
applied (FIG. 4). The width of the arrows is proportional to the 
normalized mass flows.

The composition, listed in TABLE 1, is represented by different 
colors. The 1,3-butadiene content in FCC C4 is usually low. 
However, to fulfill downstream product specifications, especially 
for butene-1 purity, additional treatment is required. The 
small amount of butadiene should be removed by selective 
hydrogenation. This process converts butadiene into n-butenes. 

According to the catalyst character and the 
process conditions, the butene-1 to butene-2 
ratio could be adjusted. Almost 99% of 
butadiene can be converted to n-butenes.

The difference between FCC C4 and 
SC C4 has already been described in Part 1 
and is depicted in TABLE 1. Higher butadiene 
content in SC feedstock usually requires 
an extractive distillation process (EDP) to 
isolate 1,3-butadiene. N-methyl-pyrolidon 
(NMP) is often used as an extractive solvent. 
Applying EDP for SC C4 feedstock led to 
1,3-butadiene product with a purity of 99.7 
wt%. The recovery results in more than 99% 
of the 1,3-butadiene contained in the feed. 
By many extractive distillation processes, the 
residual butadiene content has a very low 
level (< 100 ppm wt).

1,3-butadiene in SC C4 could also be 
treated directly by selective hydrogenation 
process (SHP) as an alternative to 
upgrade C4 cuts. Compared with the 
SHP for low butadiene content, one more 
reactor was required to process the high  
butadiene concentration.

The process route downstream of 
1,3-butadiene removal was analogous for SC 
C4 and FCC C4. However, the composition 
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FIG. 2. Monthly average Brent spot prices.
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FIG. 3. Normalized price information of selected C4-derived products.

FIG. 4. Material balance/yield distribution for product upgrading routes of FCC C4 (top figure)  
and SC C4 (bottom figure).
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of Raffinate 1 and Raffinate 2 streams for FCC and SC was quite 
different, as shown in TABLE 2.

Etherification technology for MTBE/ethyl tertiary butyl 
ether (ETBE) production usually uses Raffinate 1 butadiene 
removal as a feedstock.6 Because of the high selectivity of MTBE 
process isobutene content, from 10% to 50% could be treated by 
different processes. Feedstock with lower than 10% isobutene 
should be pre-concentrated.

Methanol and ethanol react with isobutene in Raffinate 1 and 
make MTBE/ETBE, respectively. From 96% to 99% isobutene 
are usually removed by the etherification process. The Raffinate 
2 stream will be fractionated in a distillation section to a light 
and a heavier fraction. The overhead product will be separated 
by fractionation to isobutane and butene-1. Depending on the 
residual butadiene and isobutene content in Raffinate 2, a high-
purity polymer grade butene-1 could be produced and utilized in 
many downstream applications.

The bottom product of the distillation process could 
be separated into n-butane and butene-2 using a butene 
concentration unit. Butene-2 with 1 wt% to 3 wt% n-butane is 
used to produce secondary butyl alcohol (SBA), which is formed 
by direct hydration of butene-2 and/or butene-1 with water in the 
presence of a strongly acidic cation exchange resin catalyst. The 
hydration takes place in a high-pressure reactor. Spent C4 stream 
recycle is led to the fuel gas system or can be reintroduced into a 
butene concentration unit.

SBA forms the basis for MEK synthesis via dehydrogenation. 
The dehydrogenation process converts SBA to MEK in 
the presence of a special copper catalyst. Hydrogen (H2) is 
generated as a byproduct.

Economic analysis (product value chain). The market price 
for product and feedstock is the most important information for 
economic analysis. The normalized price information of feedstock 
and products, based on European conditions for the year 2014, 
is shown in FIG. 3. For some intermediate products, such as 
overhead and bottom products from the distillation operation of 
Raffinate 2, prices are estimated by equivalent streams with similar 
composition. Additionally, the utility cost for relevant processes is 
determined by the specific utility requirement listed in TABLE 3.

Combined with the yield structure and the market price 

information, utility requirements and the process value chain can be 
analyzed. The monetary value of process streams is also visualized 
in a special flow diagram (FIG. 4). Mass flows are multiplied by 
product prices, resulting in monetary values of process streams.

Normalization is completed by calculating the ratio of the 
monetary value of corresponding process stream vs. the monetary 
value of crude SC C4 (equal to 100). Corresponding to the mass 
flow diagram illustration, the width of arrows is proportional to 
the monetary value of streams, or the cost of utility.

The starting point is crude FCC C4, as shown in FIG. 5A. The 

TABLE 1. Representative feedstock for evaluation5

Component

Crude FCC C4 Crude SC C4

Typical 
composition

In this  
work

Typical 
composition

In this  
work

wt% wt% wt% wt%

1,3 butadiene 0–0.5 0.4 35–50 41

Isobutene 10–25 20 15–30 22

cis-2-Butene 10–20 13 5–10 8

trans-2-Butene 10–20 11 5–10 7

Butene-1 10–25 13 5–20 11

Isobutane 20–40 31 1–5 4

n-Butane 10–20 12 1–10 7

Total 100 100

TABLE 2. Composition by weight of Raffinate 1 and Raffinate 2

FCC SC FCC SC 

Raffinate 1 Raffinate 2

1,3 butadiene 0.1% 0.1% 0.1% 0.2%

Isobutene 20% 35.6% 0.4% 0.6%

cis-2-Butene 12.6% 13.5% 15.7% 20.9%

trans-2-Butene 11% 11.8% 13.7% 18.3%

Butene-1 13.3% 20.4% 16.6% 31.4%

Isobutane 31% 6.8% 38.6% 10.3%

n-Butane 12% 11.8% 14.9% 18.3%

Total 100% 100% 100% 100%

TABLE 3. Specific utility consumption for individual process steps 

Electrical power LP steam MP steam Cooling water Fuel, natural gas

kWhel–ton product–1 Ton–ton product–1 Ton–ton product–1 m³–ton product–1 MCAL–ton product–1

Butadiene extraction 100–150 0.5–0.8 1.2–1.6 120–150

Selective hydrogenation 20–30 0.5–1 5

MTBE synthesis 30–40 0.8–1.5 15–20

SBA synthesis 180–220 3.0–3.5 2 20–30

MEK synthesis 15–20 1.6–1.8 0.35 30 207

Butene concentration* 25–30 0.3–0.8 0.2–0.6 105

Raffinate 2 distillation FCC* 15–25 0.8–1 95

Raffinate 2 distillation SC* 25–30 0.8–1 110

Isobutane/1-butene fractionation FCC* 50–60 1.0–1.5 120

Isobutane/1-butene fractionation SC* 50–70 1.5–2 165

* Related to feedstock amount
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market value of FCC C4 hydrocarbon is lower than SC C4, due to 
the lower content of valuable C4 olefins. By upgrading the routes, 
the total product value is increased. However, the cost of utilities 
reduces the margin.

FIG. 5B shows the case with crude SC C4; butadiene and MTBE 
are the two main valuable products in the SC C4 process. The next 
upgrading step from Raffinate 2 does not add significant value to 
the product, and the additional utility costs reduce net margins. In 

many refinery industries, Raffinate 2 would 
be hydrogenated to butane and returned to 
the FCCU as a recycle stream. However, 
hydrogenation is also a value-reducing 
process, as butane has only about one-third 
the value of butene.

Assessment of process benefit. The 
upgrading routes for maximized product 
diversity have been discussed, and product 
value chain analyses with different feedstocks 
have been conducted. FIG. 6 shows the 
margin/value-added chain based on crude 
SC C4 feedstock, and FIG. 7 illustrates the 
same for the crude FCC C4. The blue-marked 
column shows the accumulated value added 
along the route of the upgrading process, 
based on product monetary values excluding 
utility costs (gross margin). The red-marked 
column shows the accumulated value added, 
including the utility costs (net margin).

As it can be seen in FIG. 6, the accumulated 
added value increases significantly along 
the route of SC C4 product upgrading. 
There might be intermediate processes 
with no significant value-added effect, e.g., 
distillation. The knowledge of the entire 
upgrading process route is required to realize 
the full benefit.

The situation is slightly different for the 
FCC C4 feedstock. Due to the relatively low 
content of unsaturated hydrocarbons, the 
profit margin of FCC C4 is lower. Only the 

processing route to SBA and MEK makes a significant difference. 
Nevertheless, it must be evaluated whether the intermediate 
product, such as butene-1, isobutane and n-butane, could be 
further upgraded to higher-value petrochemicals or fuel additives.

As an alternative to the processing route with the goal of 
maximization of product diversity, a case of maximizing single 
product yields (equivalent to Case 3 in Part 1 of this article) is 
shown in FIG. 8. In this case, no distillation and fractionation to gain 
the high purity butene-1 were considered. FIG. 9 shows the results of 
the economic analysis of this case for FCC C4 that could potentially 
be expected in a more favorable economic environment.

MEK is the only final chemical product within this case. 
However, the annual capacity of MEK is limited for the specific 
market location, and the calculation could not be scaled up to a 
large capacity.

Conclusion and outlook. Raw C4 contains valuable 
components (especially 1,3-butadiene and C4 olefins), but it has 
to be processed further to different marketable products, such as 
C4 intermediates or petrochemical final products.

Based on a detailed evaluation of the various C4 processing 
sequences outlined in Part 1 of this article, different processing 
cases were chosen for an economical assessment. Process 
benefits are visualized by flow diagrams of the product streams 
(mass balance and yield structure) and monetary value. The 
accumulation of monetary value along the upgrading route 

FIG. 5. Process value chain analysis of FCC C4 (top figure, 5A) and SC C4 (bottom figure, 5B).
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FIG. 6. Margin/value-added chain based on crude SC C4 feedstock.
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was investigated and discussed.
The accumulated added value increases significantly along the 

route of SC C4 and FCC C4 product upgrading, with the SC C4 
route being more economical. In both cases, there are intermediate 
processes with no significant value addition. The knowledge of the 
entire upgrading process route is required to realize the full benefit. 
Another FCC C4 process route that concentrates on only a single 
chemical product resulted in a higher added value compared to the 
base case of FCC C4. However, such a route is limited in capacity, 
according to the market demand of a singular product.

The methodology of this article can be applied for an early-stage 
estimate of the economic profitability of different C4 processing 
routes. For a more detailed economical evaluation, the costs 
of investment, depreciation and interest services must also be 
considered, as well as staff costs, maintenance costs and insurance.

End of series. Part 1 of this article appeared in June. 
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