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Abstract—Biosafety Level 4 (BSL-4) laboratories handle
the most dangerous pathogens known to science,
requiring the highest levels of safety and reliability in all
systems, particularly electrical power distribution. In
this paper, we present a comprehensive design for
isolated electrical panels tailored to BSL-4 laboratories.
The focus is on minimizing shock hazards, ensuring
continuous power delivery, and maintaining system
integrity under fault conditions. Key components such as
isolation transformers, line-isolation monitors (LIMs),
and advanced fault detection equipment are discussed,
highlighting their roles in a safe and reliable power
network. We benchmark our design against
international codes (NFPA 70 [2], IEC 60364 [3]) and
biosafety guidelines. By combining system analysis and
component specifications, we propose a robust isolated
power solution for high-containment labs. The results
highlight critical design considerations and best
practices for safety, fault tolerance, and compliance in
BSL-4 facilities.

I.INTRODUCTION

BSL-4 (Biosafety Level 4) laboratories represent the
highest containment level for handling lethal
pathogens. These facilities emerged in the late 20th
century (e.g. the U.S. Army’s “Slammer”
biocontainment unit opened in 1971) and have since
proliferated internationally (Canada’s CSCHAH,
designed in the 1990s, is considered a prototype
modern BSL-4 facility China’s first BSL-4 lab was
approved in 2003 and opened in 2014). The core
purpose of BSL-4 labs is to enable safe research on
exotic, often aerosol-transmissible agents (e.g. Ebola,
Marburg) that pose extremely high individual and
public health risks. These labs combine sealed “hot
zones,” air-tight suits, HEPA filtration and rigorous
procedures to prevent any pathogen release. India’s
entry into BSL-4 began in 2012 with the NIV-Pune
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facility, which was designed per WHO/CDC
guidelines. Globally there are now dozens of BSL-4
suites (over 50 worldwide) supporting outbreak
response, vaccme and therapeutlc development

Fig. 1. A researcher in a positive-pressure protective
suit inside a BSL-4 laboratory training environment.
Such full-body suits and sealed zones are standard in
BSL-4 facilities

(Image Source: https://www.hpac.com/)

Critical systems such as imaging and life-support
equipment must remain operational under all
conditions. Standards (e.g. BMBL, CDC/WHO)
mandate that life-safety and containment systems
(HVAC, HEPA filtration, alarms, pressure controls,
decontamination showers, etc.) be supported by
uninterrupted power sources. In practice, BSL-4
designs implement 100% redundancy (or more) for all
critical infrastructure. For example, ventilation fans
and exhaust systems have parallel units and automatic
transfer to standby drives, and power to the lab is often
delivered from dual independent sources. Compliance
tests explicitly require “ability to transition to an
uninterrupted power supply” and seamless switchover
from normal to backup power. In short, any single
failure must not compromise containment.

II.LITERATURE REVIEW

Historical Origins in Healthcare Facilities
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Isolated (ungrounded) electrical systems originated in
mid-20th century hospitals to reduce fire and shock
hazards in patient-care areas. In particular, operating
rooms used highly flammable anesthetics (e.g. ethyl
ether), which led codes to require ungrounded power.
By 1951 the US NFPA (then Article 517) mandated
isolated power in ORs to keep conductor-to-ground
impedance as high as possible and avoid ignition
sparks. Early publications note that isolated power was
“utilized heavily” in ORs and critical care units as a
primary protection technique. In practice, an isolated
power system employs a 1:1 transformer whose
secondary winding is insulated from ground by an
electrostatic shield and bonding conductor (see Figure
2). A first ground fault in such a system produces only
a very small leakage current (microamps) and
typically does not trip circuit breakers, greatly
increasing continuity of service.
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Figure 2. Comparison of typical grounded vs. isolated
(ungrounded) power systems used in healthcare. In the
isolated system (bottom), the transformer secondary is
shielded and unreferenced to ground, so a ground fault
draws only a very low current.
(Image Source: https://electrical-engineering-
portal.com/)
In short, isolated systems were developed to limit
ground-fault current (e.g. <5 mA) and prevent macro-
shocks. By not tripping on a first fault, they improve
operational safety and reliability in critical-care rooms
Line-isolation monitors (LIMs) continuously
measure system insulation and alarm when leakage
exceeds thresholds, allowing maintenance to be
scheduled before a fault becomes hazardous.
Relevance to BSL-4 Laboratory Design
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Biosafety Level 4 (BSL-4) laboratories require the
highest power reliability and fault tolerance. Any
interruption could compromise containment of deadly
pathogens. Accordingly, BSL-4 facilities are designed
with multiple backup power layers. Critical loads
(HEPA-filter fans, alarms, negative-pressure controls,
life-safety systems) are fed through uninterruptible
power supplies (UPS) and automatic-transfer diesel
generators so that power transfer to backup is
instantaneous. For example, India’s new NIV—Pune
BSL-4 laboratory was built with 100% redundancy on
all critical systems including power sources. In such
environments, isolated power panels can add fault
tolerance: because the system will not trip on a first
ground fault, a momentary insulation fault only
triggers an alarm (via the LIM) without shutting off
power. This permits procedures and ventilation to
continue uninterrupted during a fault. In practice,
BSL-4 design documents emphasize guaranteed
continuous operation — every critical component is
duplicated and faults are managed by redundancy or
alarm rather than shutdown.

International Practices and Standards

Worldwide, BSL-4 labs follow stringent but varying
codes. In the United States, CDC/NIH’s Biosafety in
Microbiological and Biomedical Laboratories
(BMBL) and NFPA 99 (Healthcare Facilities Code)
guide design. NFPA-99 itself grew out of the same
historical rules that required isolated power in ORs. In
Germany, the Robert Koch Institute’s BSL-4 is “a
completely independent, airtight unit with its own air,
power and water supply which is specially secured
against technical faults”. In other words, the German
lab has a dedicated, self-contained power system to
avoid any single failure. In China, the national
standard GB 19489-2008 specifies general biosafety
lab requirements (facilities, equipment, safety
management). China’s first (and currently only) BSL-
4 facility — the Wuhan laboratory — was built under
these national rules and began operating in 2018.
Despite these practices, there is no single international
standard for BSL-4 electrical systems. Each country
(and even each facility) applies its own mix of codes
and guidelines (WHO, CDC, OSHA, local building
codes, etc.). As a result, isolation techniques and panel
designs vary. The cited practices (US, German RKI,
Chinese GB standards) illustrate common themes —
redundant supplies and fault-containment — but a
formal global standard is lacking. This reinforces the

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4070


https://electrical-engineering-portal.com/
https://electrical-engineering-portal.com/

© May 2025 | JIRT | Volume 11 Issue 12 | ISSN: 2349-6002

need for engineering studies, such as ours, to propose
best practices for isolated power systems in BSL-4
labs.

I11. ISOLATED POWER SYSTEMS
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Figure 3 illustrates a typical large hospital electrical
single-phase panel.
(Image  Source:
portal.com/)

In the isolated-power panel, utility feeds first pass
through an isolation transformer who’s secondary has
no grounded neutral. The secondary then feeds critical
load branches, each protected by its own breaker. A
LIM is connected on the secondary to continuously
monitor insulation resistance. The transformer
primary is protected by a main breaker upstream. This
arrangement limits ignition sources in wet locations
and allows continued operation on a first fault.

In a conventional grounded panel, any line-to-ground
fault immediately trips a breaker and shuts down the
circuit. By contrast, the isolated panel captures a first
fault as minor leakage current and sounds an alarm,
allowing the system to keep running. The design
ensures that only repeated faults (indicating degraded
insulation) will cause a shutdown. This is analogous to
hospital OR practice. In summary, isolated systems
limit ground-fault current and improve reliability]. For
a BSL-4 lab, this means a single fault trigger only an
alarm rather than a power loss, enabling vital
operations (ventilation, life support) to continue
undisturbed.

https://electrical-engineering-

IV. KEY DESIGN COMPONENTS

A. Isolation Transformers

Each isolated panel uses a hospital-grade isolation
transformer. These are typically dry-type, low-leakage
units (no oil) with an internal electrostatic shield on
the secondary (grounded at the transformer). For
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example, a 415V:230V 100 kVA 3-phase transformer
with UL 1047 listing could serve a large panel. The
transformer’s primary is protected by a main breaker
sized to the transformer, and the secondary feeds
multiple branch breakers. No neutral point on the
secondary is grounded, ensuring that a single line-to-
ground fault produces only microamp-level leakage.
On the secondary side, each branch circuit (lighting,
fans, autoclaves, etc.) has its own overcurrent breaker.
Breaker coordination is chosen so that a fault on one
branch only opens that breaker and does not trip
upstream devices. Modern panel designs may
incorporate ground-fault locators: if the LIM alarms,
plugging a locator into each circuit will generate a tone
on the faulty branch. Many LIM modules include such
locator interfaces.

B. Line-Isolation Monitors (LIM)

The LIM continuously measures the impedance
between live conductors and earth. In a properly
isolated system, this impedance is very high. If any
conductor’s insulation to earth degrades, the LIM
senses the change and issues an alarm. We specify UL-
listed LIM modules (e.g. Bender or equivalents) with
alarm thresholds on the order of 2-5 mA. The LIM
panel should include clear visual and audible alarms,
test/reset functions, and optional remote alarm
contacts. In practice, LIM alarms allow maintenance
staff to locate and repair insulation faults before they
escalate.

C. UPS and Emergency Power

Isolated panels are part of the lab’s critical power
system. Each panel is fed from both normal and
emergency sources via an automatic transfer switch
(ATS). Critical downstream loads are supported by
UPS units sized for the necessary load (e.g. 500 kVA
modules for large life-support systems). For example,
a facility might have two 500 kVA UPS units (N+1
redundancy) and two 1 MVA diesel generators on a
24-hour fuel supply. The ATS switches all panel
feeders simultaneously to the redundant source during
an outage, ensuring uninterrupted operation.

D. Protection and Safety

Standard protection devices are installed in the
isolated panels: main breakers, branch breakers, surge
arresters, and arc-flash relays or fuses as needed.
Breakers should have current-limiting characteristics
to reduce incident energy. Arc flash hazard labels and
PPE boundaries are determined by an arc-flash study
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(IEEE 1584) and posted on panels. For very high fault
levels, arc-resistant or blow-off-panel enclosures are
advisable.

Note that protective-earth (PE) wiring is still used for
all grounded metal parts. The panel enclosure and any
grounded equipment are bonded to the facility ground
system (per IS 3043 [16]). All protective-earth leakage
(e.g. through RCDs on grounded equipment) is kept
within limits: IEC/IS 61010- 1 specifies j3.5 mA
leakage for laboratory equipment. Any residual-
current devices (30 mA trip) remain installed on
permanently grounded circuits. With isolated power
feeding critical loads, no personnel will experience a
macro-shock from a single fault.

Thermal and environmental factors are also addressed.
Panel enclosures are indoor-rated (e.g. NEMA 12)
with corrosion resistant coating. In India’s climate,
ambient conditions can range from —-10°C to +50°C
and up to 100

V.STANDARDS AND REGULATIONS

e NFPA 70 (NEC) Article 517 — Health Care: Article
517 of the National Electrical Code governs electrical
systems in patient-care areas (e.g. operating rooms)
and is the U.S. benchmark for isolated power systems.
It defines an Isolated Power System as one using an
isolating transformer with ungrounded secondaries
and a LIM. NEC 517.160 -- 517.171 lay out
installation rules: for example, each isolated circuit
must have a disconnect switch in all live conductors,
the transformer secondary cannot be grounded, and
conductors must be uniquely identified (orange/brown
stripes). NEC 517 also requires that isolated power
(IP) systems serve only one critical area (typically one
operating room). In practice, while NFPA 70/517 is
not mandatory in India, it is widely cited as best
practice for high-containment and medical labs. For
instance, panel manufacturers design their IP panels to
UL1047/NFPA99 standards and color codes (per
517.160) so that an Indian BSL-4 installation can
apply these recognized requirements on a voluntary
basis. (NFPA 99, the Healthcare Facilities Code,
similarly references these needs; e.g. Bender notes
their panels “meet requirements for NFPA 99/CSA
7327 in isolated-power areas.)

e |[EC 60364 (International Electrotechnical Code): IEC
60364 is the global standard for low-voltage electrical
installations. It explicitly recognizes ungrounded (IT)
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systems: per IEC 60364-4-41, an IT system is one
where all active parts are isolated from earth (or
connected via a high impedance). Exposed conductive
parts (equipment chassis, etc.) must be earthed for
safety, but the supply neutral is floating. IEC 60364
requires continuous insulation monitoring in IT
systems and typically permits the first ground fault to
remain without automatic shutdown (unlike a
TN-system RCD). After a first fault, only on a second
fault on a different phase must the system disconnect
(to restore normal protective limits). In other words,
IEC treats isolated power much like a medical IT
system: high continuity, with detection of the first
fault, then rapid shutdown on the second. Indian
wiring codes are largely harmonized with IEC; for
example, IEC 60364’s shock-protection rules align
with IS 732 and IS 3043 on earthing and equipment
bonding. In practice, adopting IEC 60364 means
ensuring an IP system has a reliable monitoring device
(L1M) and meets insulation levels — concepts already
reflected in BSL-4 design practice.

¢ \WHO/CDC Biosafety Guidelines: World Health
Organization and CDC publications on BSL-4
emphasize redundancy and reliable containment. The
WHO Laboratory Biosafety Manual (4th ed.)
explicitly requires that “emergency power and
dedicated power supply line(s) must be provided for
all critical safety equipment”. In other words, backup
generators or UPS lines must serve ventilators, alarms,
HAZMAT controls, etc., so that no single power
failure compromises safety. Likewise, CDC (BMBL)
guidance notes that high-containment labs “often
require electrical power system redundancy to remain
fail-safe”. This means dual sources, automatic transfer
switches, and designing the electrical system so that a
fault or maintenance on one source does not shut down
containment (for example, size loads so that a
generator can handle critical circuits, per Indian 2N
practicel). In short, international biosafety codes
demand UPS/backup power for all life-safety and
containment-critical systems, a principle echoed in
Indian BSL-4 design.

endian Standards (IS 732, IS/IEC 61010): Indian
electrical practice has its own norms that align with the
above principles. The latest IS 732 (Code of Practice
for Electrical Wiring) includes provisions for “safety
services” and even IT systems. For instance, IS 732
(clause 11.1.3) prefers
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protective measures against indirect contact without
automatic disconnection on first fault, and explicitly
mandates continuous insulation monitoring for IT
networks — effectively the LIM functionl. Likewise, IS
732 (clause 11.2) requires that backup power sources
(for safety services) be independent, fixed equipment,
capable of carrying the safety loads if one source fails
. This parallels IEC/NEC language on redundancy: if
one supply fails, the other must sustain all safety
circuits (often by shedding non-critical loads). On
equipment safety, the Indian adoption of IEC 61010
(as IS/IEC 61010-1) imposes the same lab-equipment
requirements as IEC 61010: devices must have
adequate insulation, reinforced safety grounding or
double insulation, and protection against shock,
overload, and mechanical hazards. In essence, Indian
standards and international best practices are
consistent: isolated panel components are specified for
high insulation and isolation resistance, LIMs or
insulation monitors are mandatory in IT systems, and
redundant/UPS  supplies are required for all
containment-critical loads.

eSummary of Best Practices: Combining these
standards yields the following best-practice checklist
for an Indian BSL-4 isolated panel: a dry-type shielded
isolation transformer (415/230 V) listed to UL 1047,
LIM monitors set to alarm at ~2-5mA with
visible/audible alerts; a ground-fault locating system
tied to the LIM; coordinated breakers for selectivity;
dual power feeds or generator backup for all IP panels;
and adherence to IS 732 wiring practice (proper color
codes, earthing per IS 3043, and separate safety
branches) supplemented by WHO/CDC mandates for
power reliability. This integrated approach ensures the
isolated system both protects patients and personnel
from shock and meets the stringent containment
requirements of a BSL-4 facility.

VI. COST AND PRACTICAL CONSIDERATIONS

Table | summarizes approximate cost ranges (in Indian
Rupees) for major components. The highest costs are
the UPS systems and generators (often 1-2 crore INR
each). Isolation transformers, switchgear, and the LIM
panel are relatively modest by comparison.
Specialized equipment (medical-grade breakers,
weatherproof enclosures) can add to the budget. These
costs must be justified by the critical safety benefits
provided.

IJIRT 178749

Operationally, strict maintenance is required. UPS
batteries need periodic testing and replacement every
3-5 years. Generators must be exercised weekly and
serviced regularly. LIM alarms and arc-flash devices
should be tested semi-annually. Finally, regulatory
approvals can be lengthy: in India, municipal, fire,
electrical, and environmental NOCs are needed for a
BSL-4 facility. Project timelines must account for
these, along with equipment lead times.

TABLE |
ESTIMATED COST RANGES FOR KEY POWER-
SYSTEM COMPONENTS (INR).

Component Cost (approximate)
Line isolation monitor panel 0.5-1 lakh
100 kVA UPS 5-10 lakh
200 kVA UPS 10-20 lakh
500 kVA UPS 25-40 lakh
500 kVA diesel generator 80-120 lakh
1 MVA (MV/LV) transformer 20-30 lakh
Automatic Transfer Switch (500 A) 0.5-1.5 lakh
Isolation transformer 5-10 lakh
Auxiliary (cabling, breakers, etc.) +10-20%

VII. CONCLUSION

BSL-4 laboratories demand fail-safe power systems
that never let critical life-safety equipment go offline.
The isolated panel design presented here brings
together established medical-grade electrical practices
and the rigorous redundancy needs of biocontainment
facilities. Dedicated isolation transformers decouple
the lab’s power from earth grounds, so a single fault
cannot bring down the entire system. Continuous line
isolation monitoring (LIM) provides real-time alerts
long before leakage currents reach dangerous levels,
giving operators time to correct issues without shutting
down the lab. Fully redundant power feeds—
comprising uninterrupted power supplies (UPS),
automatic transfer switches, and standby generators—
guarantee that even a complete utility outage or
maintenance event won’t interrupt ventilation, suit
blowers, decontamination units, or other essential
loads.

This design has been meticulously matched with
national laws (the ICMR guidelines, IS 732 for
medical electrical equipment, and the earthing
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provisions under IS 3043) as well as leading
international norms (NFPA 99, IEC 60364-7-710,
WHO biological safety criteria).Adopting such strong
isolated power architectures will be absolutely vital
not only for fulfilling regulatory standards but also for
providing researchers and support personnel the
assurance that their work—and their safety—remains
unbroken under any condition as the global network of
BSL-4 facilities expands.
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