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One of the most signiÞcant long-term trends affecting the future vitality of the petro-
leum industry is the publicÕs concerns about the environment. Recognizing this trend, API
member companies have developed a positive, forward looking strategy called STEP:
Strategies for TodayÕs Environmental Partnership. This program aims to address public
concerns by improving industryÕs environmental, health and safety performance; docu-
menting performance improvements; and communicating them to the public. The founda-
tion of STEP is the API Environmental Mission and Guiding Environmental Principles.
API standards, by promoting the use of sound engineering and operational practices, are
an important means of implementing APIÕs STEP program.

 

API ENVIRONMENTAL MISSION AND GUIDING
ENVIRONMENTAL PRINCIPLES

 

The members of the American Petroleum Institute are dedicated to continuous efforts to
improve the compatibility of our operations with the environment while economically
developing energy resources and supplying high quality products and services to consum-
ers. The members recognize the importance of efÞciently meeting societyÕs needs and our
responsibility to work with the public, the government, and others to develop and to use
natural resources in an environmentally sound manner while protecting the health and
safety of our employees and the public. To meet these responsibilities, API members
pledge to manage our businesses according to these principles:

 

●

 

To recognize and to respond to community concerns about our raw materials, prod-
ucts and operations.

 

●

 

To operate our plants and facilities, and to handle our raw materials and products in a
manner that protects the environment, and the safety and health of our employees
and the public.

 

●

 

To make safety, health and environmental considerations a priority in our planning,
and our development of new products and processes.

 

●

 

To advise promptly appropriate ofÞcials, employees, customers and the public of
information on signiÞcant industry-related safety, health and environmental hazards,
and to recommend protective measures.

 

●

 

To counsel customers, transporters and others in the safe use, transportation and dis-
posal of our raw materials, products and waste materials.

 

●

 

To economically develop and produce natural resources and to conserve those
resources by using energy efÞciently.

 

●

 

To extend knowledge by conducting or supporting research on the safety, health and
environmental effects of our raw materials, products, processes and waste materials.

 

●

 

To commit to reduce overall emissions and waste generation.

 

●

 

To work with others to resolve problems created by handling and disposal of hazard-
ous substances from our operations.

 

●

 

To participate with government and others in creating responsible laws, regulations
and standards to safeguard the community, workplace and environment.

 

●

 

To promote these principles and practices by sharing experiences and offering assis-
tance to others who produce, handle, use, transport or dispose of similar raw materi-
als, petroleum products and wastes.
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SPECIAL NOTES

 

API publications necessarily address problems of a general nature. With respect to par-
ticular circumstances, local, state, and federal laws and regulations should be reviewed.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to
warn and properly train and equip their employees, and others exposed, concerning health
and safety risks and precautions, nor undertaking their obligations under local, state, or
federal laws.

Information concerning safety and health risks and proper precautions with respect to
particular materials and conditions should be obtained from the employer, the manufac-
turer or supplier of that material, or the material safety data sheet.

Nothing contained in any API publication is to be construed as granting any right, by
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or
product covered by letters patent. Neither should anything contained in the publication be
construed as insuring anyone against liability for infringement of letters patent.

Generally, API standards are reviewed and revised, reafÞrmed, or withdrawn at least
every Þve years. Sometimes a one-time extension of up to two years will be added to this
review cycle. This publication will no longer be in effect Þve years after its publication
date as an operative API standard or, where an extension has been granted, upon republica-
tion. Status of the publication can be ascertained from the API Authoring Department
[telephone (202) 682-8000]. A catalog of API publications and materials is published
annually and updated quarterly by API, 1220 L Street, N.W., Washington, D.C. 20005.

This document was produced under API standardization procedures that ensure appro-
priate notiÞcation and participation in the developmental process and is designated as an
API standard. Questions concerning the interpretation of the content of this standard or
comments and questions concerning the procedures under which this standard was devel-
oped should be directed in writing to the director of the Authoring Department (shown on
the title page of this document), American Petroleum Institute, 1220 L Street, N.W., Wash-
ington, D.C. 20005. Requests for permission to reproduce or translate all or any part of the
material published herein should also be addressed to the director.

API publications may be used by anyone desiring to do so. Every effort has been made
by the Institute to assure the accuracy and reliability of the data contained in them; how-
ever, the Institute makes no representation, warranty, or guarantee in connection with this
publication and hereby expressly disclaims any liability or responsibility for loss or dam-
age resulting from its use or for the violation of any federal, state, or municipal regulation
with which this publication may conßict.

API standards are published to facilitate the broad availability of proven, sound engi-
neering and operating practices. These standards are not intended to obviate the need for
applying sound engineering judgment regarding when and where these standards should
be utilized. The formulation and publication of API standards is not intended in any way to
inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking
requirements of an API standard is solely responsible for complying with all the applica-
ble requirements of that standard. API does not represent, warrant, or guarantee that such
products do in fact conform to the applicable API standard.

 

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, 
or transmitted by any means, electronic, mechanical, photocopying, recording, or other-

wise, without prior written permission from the publisher. Contact the Publisher, 
API Publishing Services, 1220 L Street, N.W., Washington, D.C.  20005.
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FOREWORD

 

API publications may be used by anyone desiring to do so.  Every effort has been made
by the Institute to assure the accuracy and reliability of the data contained in them; how-
ever, the Institute makes no representation, warranty, or guarantee in connection with this
publication and hereby expressly disclaims any liability or responsibility for loss or dam-
age resulting from its use or for the violation of any federal, state, or municipal regulation
with which this publication may conßict.

Suggested revisions are invited and should be submitted to the director of the Manufac-
turing, Distribution and Marketing Department, American Petroleum Institute, 1220 L
Street, N.W., Washington, D.C. 20005.
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The concept of recovery optimization is, in its broadest
sense, to achieve an environmentally sound site closure in
the appropriate time frame for the least cost (That is, to
maximize efÞciency of the selected system).  Optimization
can be applied at various levels and is a function of the
goals and the evaluation criteria against which a system's
effectiveness is measured.  For example, optimization could
be applied to a recovery system using the concept of maxi-
mizing light non-aqueous phase liquid  (LNAPL) recovery
as the goal.  At the lowest level, optimization could be
applied to the design and operation of a single well.  At the
highest level, optimization would be applied to the design
and operation of an entire remediation system.  There is
essentially a continuum of remedial choices ranging from

containment to implementation of the most complex recov-
ery systems, all of which can be optimized to enhance efÞ-
ciency and lower costs.  In general, remediation
optimization should consider this continuum of technolo-
gies required to achieve appropriate cleanup target levels
for the site.  Typical technologies may consist of pump and
treat for plume control and hydrocarbon recovery, followed
by soil venting for removal of residual hydrocarbons in the
vadose zone.  The advantages and disadvantages of various
remedial systems have been discussed in detail in API Pub-
lication 1628 Section 7.0 [1].  This document will focus on
site-wide recovery system optimization, as system designs
and operation and maintenance (O&M) are covered in sepa-
rate documents.

Understanding the migration of LNAPL in the subsurface
is important to all of the remedial technologies and their
subsequent optimization.  Thus, a brief review of the
mechanics of this migration will be presented.  When a
release of a petroleum product that is less dense than water,
LNAPL, occurs in the subsurface, it can be distributed in the
subsurface in several phases.  Some of the LNAPL will
adhere to the soil particles and become trapped in the small
pore spaces, becoming immobile; this is called 

 

residual
LNAPL

 

 or 

 

residual hydrocarbon

 

.  (Note:  In this document,
the terms 

 

LNAPL

 

 and 

 

oil

 

 are used interchangeably.)  The
LNAPL will also volatilize and form a vapor phase, assum-
ing that the hydrocarbon mixture has a volatile component.
If a water table is present, as the LNAPL migrates vertically
in the pore spaces of the formation, it will encounter pores
Þlled with water.  Due to the differences in density and cap-
illary pressures, it will begin to accumulate and a two-phase
ßow system, consisting of water (the wetting phase) and
LNAPL (the non-wetting phase), will develop.

Figure 1 presents a conceptual illustration of the distribu-
tion of water, LNAPL, and air in a porous medium, as pre-
sented in API Publication 1628, [1].  The continuous pore
volume is occupied by water, LNAPL, and/or air and the
spaces between represent the porous medium.  Several
zones are present in the porous medium:

a. A three-phase zone containing water, LNAPL, and air,
where the relative saturations of the three ßuids will deter-
mine the mobility of each.  This section is considered part of
the vadose or unsaturated zone.
b. A two-phase zone, or capillary zone, containing water

and LNAPL, where the relative saturation of these ßuids
will determine their mobility. 
c. A two-phase zone below the water table, but within the
limits of water-table ßuctuations, where residual hydrocar-
bons are present.
d. A one-phase zone containing only water at some distance
below the water table and outside the zone of water-table
ßuctuations, where only dissolved hydrocarbons are
present.

The primary zone of lateral movement of LNAPL near
the water table is the two-phase zone (water and LNAPL),
where LNAPL saturation can reach a high enough level to
become mobile.  Figure 2 shows the relative saturation
curves for water and LNAPL in this zone and the relation-
ship to LNAPL accumulation in a monitoring well.  In gen-
eral, there is an over-accumulation of LNAPL in the well
relative to the formation; this accumulation can be calcu-
lated through the saturation-capillary pressure relationships
(Chiang and Kemblowski, [2]; Farr, et al., [3]).

This concept of a two-phase system where both water and
LNAPL occupy the pore spaces is extremely important in
the evaluation of remedial systems and the recovery of
LNAPL.  The ability of the porous medium to transmit ßu-
ids (its permeability) is a function of the relative saturation
of the two ßuids and is referred to as relative permeability.
Relative permeability involves the ßow behavior of two
immiscible ßuids existing in the same porous medium.  It
means that as the saturation of one ßuid decreases relative to
the second ßuid, its ßow capacity will also decrease.  Thus,
as the saturation of LNAPL decreases relative to water, the 
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