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h i g h l i g h t s

� Feedstocks, products, and processes
of chemical process industry (CPI) is
changing.

� A new technology investment
planning (NTIP) problem is defined
for CPI.

� A multistage stochastic program
(MSSP) is developed to solve NTIP
problem for CPI.

� A relaxation approach is introduced
to bound the MSSP formulation of
NTIP problem.

� A biomass to ethylene production
network is studied via the MSSP
formulation.
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a b s t r a c t

Industry trends suggest that the feedstock and product portfolios along with utilized technologies of
chemical process industry (CPI) may grow and be quite different compared to today’s in the near future.
Incorporation of new feedstocks and technologies into the existing CPI infrastructure may require signif-
icant amounts of investments. Determining the investment decisions, i.e., how much to invest, which
technologies to invest in, and when to invest in each technology for research and development and for
capacity expansion, is a challenging task, because there are often many emerging technologies and the
future performances of these technologies are uncertain. Here, we present a multistage stochastic pro-
gramming (MSSP) formulation accounting for both endogenous and exogenous uncertain parameters
associated with the new technology investment planning (NTIP) problem. The MSSP formulation is used
to determine investment decisions for four case studies, including a biomass to ethylene production
network. The solution for the biomass to ethylene case study suggests that, given the current market con-
ditions, the investment in biomass technologies is not financially advantageous.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

An expanding middle class, urbanization, and a push for sus-
tainability have driven growth in demand for chemicals, and the
demand is expected to grow by 45% over the next 10 years

(ExxonMobil, 2015). ExxonMobil is ‘‘progressing strategic invest-
ments that will capture low-cost feedstocks and increase premium
product capacity to supply growing markets”. DuPont plans to
continue to drive innovation and accelerate growth in developing
markets (DuPont, 2015). Bayer states that ‘‘being successful as a
Life Science company requires a pronounced innovation culture
that is the breeding ground for new ideas and facilitates their
translation into successful products” (Bayer, 2015). These trends
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suggest that the feedstock and product portfolios along with uti-
lized technologies of the chemical process industry (CPI) may grow
and be quite different compared to today’s in the near future. As
such, there is tremendous opportunity for investigating the
impacts of these new technologies/feedstocks/products on the
chemical process industry.

Determining which feedstock or technology to develop is a
challenging task. Often there are many emerging feedstocks and
processing technology alternatives. Incorporating new feedstocks
and technologies into the CPI is an expensive and time consuming
process. Beyond initial discovery, investments into new technology
serve two purposes: (1) to improve the efficiency of the process,
and (2) to expand the production capacity of the technology to
meet market demands. Generally, the performance of a technology
is not known with certainty until after the technology is fully
developed. Large investments into technology projects do not
guarantee successful development or favorable results. Often
new technology projects are mishandled or mismanaged leading
to investments without a return or loss of investment due to pro-
ject abandonment (Cooper, 2007). Furthermore, the development
of technologies is partially driven by product demand, which is

not known with certainty at the time of the investments. There-
fore, to incorporate new feedstocks and technologies into the
existing CPI infrastructure, a systematic approach is necessary to
answer the following questions: how much to invest, which new
technologies to invest in, and when to invest in each technology
for research and development (R&D) and for capacity expansions?

New chemical technologies start as ideas. Investments in these
ideas lead to laboratory experimentation and if successful, pilot
plant and commercial installations. Determining when and how
much to invest in a new technology is a complicated decision,
which relies on knowledge of the cost, yield, and the success of
the new technology, as well as, the continued demand for the pro-
duct that the technology produces. Fig. 1 provides a visual for the
development and incorporation of new technologies into the CPI.
The mini CPI depicted in Fig. 1 contains three chemicals (CHEM1,
CHEM2, and CHEM3) and two technologies (TECH1 and TECH2).
Each chemical can be purchased, produced (arrows connecting to
technologies), and/or sold to meet demand. Technologies con-
nected with solid lines represent established production routes.
Connections between chemicals and technologies which appear
as dashed lines are considered potential production routes. They

Nomenclature

Indices/Sets
i 2 I technologies
sg 2 SG technology stages
n 2 N chemicals
t 2 T time periods
s; s0 2 S scenarios
np 2 NP partitions

Subsets
/k pairs of scenarios s and s0which differ in the realized va-

lue of the uncertain parameter k

Parameters
ci;n;n0 stoichiometric ratio between component n and n0 in

technology i
ps the probability that scenario s will occur
MCstn;t the per tonne purchase cost of chemical n at time t
INVMax the maximum invest available for capacity expansion

and research at each time period
CC0i the initial capacity expansion cost for technology i
b0i the assumed value for the parameter b for technology i

before investment
b1i;s the realized value of b for technology i in scenario s
a0
i the assumed value for the parameter a for technology i

before investment
a1
i;s the realized value of a for technology i in scenario s

Dn;t;s the demand of chemical n at time t in scenario s

CXMin
i;sg the minimum capacity of stage sg for technology i

CXMax
i;sg the maximum capacity of stage sg for technology i

tdiffs;s0 the time of differentiation between scenarios s and s0

Va the number of investments in research required to real-
ize the true value of the parameter a

Vb the number of investments in capacity expansion re-
quired to realize the true value of b

Continuous variables
CXi;t;s the installed capacity of technology i at time t in sce-

nario s

RDi;t;s the research investment in technology i at time t in sce-
nario s

Fn;t;s the amount of chemical n purchased at time t in sce-
nario s

Mi;n;t;s the amount of chemical n produced in technology i at
time t in scenario s

MatCsts the total material cost for scenario s
CapExCsts the total amount spent on capacity expansion in sce-

nario s
RDCsts the total amount spent on research in scenario s
ETC the expected total cost
CCi;t;s the capacity expansion cost of technology i at time t in

scenario s
Xi;t;s the capacity expansion of technology i at time t in sce-

nario s
bi;t;s the elasticity parameter for capacity expansion for tech-

nology i at time t in scenario s
ai;t;s the elasticity parameter for research expansion for tech-

nology i at time t in scenario s
Gn;t;s the net production of chemical n at time t in scenario s
vi;t;s the yield of technology i at time t in scenario s

Binary variables
NNb

i;t;s takes a value of 1 if there have been Vb investments in
capacity expansion for technology i at time t in scenario
s, and 0 otherwise

NNa
i;t;s takes a value of 1 if there have been Va investments in

research expenditure for technology i at time t in sce-
nario s, and 0 otherwise

Nb
i;t;s takes a value of 1 if there was an investment in capacity

expansion in technology i at time t in scenario s and 0
otherwise

Na
i;t;s takes a value of 1 if there was an investment in research

expenditure for technology i at time t for scenario s and
0 otherwise

Zi;sg;t;s takes a value of 1 if technology i is in stage sg at time t in
scenario s and 0 otherwise

Yi;sg;t;s takes a value of 1 if technology i has completed stage sg
at time t in scenario s and 0 otherwise
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